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This issue brings together papers presented at the Second
International Conference on “Solar Energy Storage and
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The topics covered by the many papers are of importance
in solar encrgy conversion, storage and photochemical
applications. Special thanks are due to M A El Sayed
and M S A Abdel Mottaleb for editing the manuscripts
for publication.
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Solar Energy and Applied Photochemistry

Foreword

This volume contains papers based on lectures delivered at the Second International
Conference on Solar Energy Storage and Applied Photochemistry which was held
in Cairo. January 6-11, 1993, The conference was hosted by Ain Shams University
(ASU) under the auspices of President Mubarak.

The development and application of chemical reactions occurs across and between
scientific disciplines and photoinduced chemical processes are no cxception. Thus
conferences concerned with photochemistry uttract a range of contributions {rom
several scientific disciplines. The common goal is to understand and use photochemically
induced molecular changes. The breadth of the scientific interests represented in this
conference was considerable, reflectitig the fact that solar energy storage and its
vonversion have many facets including photovoltaic processes, semiconductor-driven
chemical devices, waste water treatment, fuel gencration and the synthesis of compounds
using near ultraviolet or visible radiation.

The conference aftracted one hundred foreign photoscientists in different disciplines
from twenty-four countries who are dedicated to the task of utilising solar energy in
one way or another. This conference enabled many young Egyptian scientists to
interact with international experts and thereby helped in establishing new national
photocheinical activities.

It is a great pleasure to thank the authorities of Ain Shams University and the
Faculty of Science and all colleagues in the Department of Chemistry (the hosi
institution). We also wish to acknowledge all those whose sincere advice and fund
raising have contributed to making this conference a tremendous success. We wish
to acknowledge, in particular, the assistance received from the Ministry of International
Cooperation, Ministry of Petroleum & Mineral Resources, Ministry of Education
and Ministry of Scientific Research, Supreme Council of Universities, International
Center for Science and High Technology (ICS/1IIC/ICTP), Trieste, Italy and the
European Office of the US Naval Research.

SABRY ABDEL-MOTTALEB (Ain Shams University)
MOSTAFA EL-SAYED (University of California at Los Angeles)

33




Proc. Indian Acad. Sci. {Chem. Sci.), Vol. 105, No. &, December 1993, pp. 515-331.
) Printed in India.

Strategies for solar fuel generation

HELMUT TRIBUTSCH
Hahn-Meitner-Institut. Dep:. Solare Eneigetik, D-14109 Berlin, Germany

Abstract. Solur production and use of fuels (hydrogen, reduced carbon compounds) is an
integral part of any large scale solar energy strategy. Technically, the most promising pattern
of implementation is the decentralised genereiion of photovoltaic energy on buildings,
interconnection with the public electricity grid and centralized electrolytic generation of
fucls. A complementary strategy could be solar electrochemical generation of simple inorganic
energy carriers (e.g. Fe?* from Fe'*) which serve as the energy source for bacteria {e.g.
Thiobacillus ferronxidans). which fix carbon dioxide via the Calvin cycle. Direct photo-
electrochemical generation of solar fucls (in analogy to photasynthesis) is 8 complex (rontier
with many unsolved problems, some of which are discussed. The most promising route
appears {0 be developmen! of photoactive iransition metai electrocatalysts, which are able
to induce interfacial coordination chemical mechanwms. In addition .t may be necessary
to develop far-from-equilibrium electrochemical mechanisms 1o facihtaie cooperative electron
transler provesses during photocatalysis

At the iong term, solar fuel generation may gradually become economical with increasing
consderatinn of socal and environmental costs in the price of fossl energy

Keywoeds, Solur {uel generation. photovoitaie energy. centralired electrolylic generation.
solar electrochenical generation

1. Natural and artificial photosynthesis

The generation of energy-rich chemical compounds, by solur-driven mechanisms 1n
photosynthesis, is the basis for higher forms of life on carth and a model for artficial
attempts to produce solar fuels. The photusynthetic process itself s composed of
several steps. They include harvesting of light through light-scattering processes and
non-imaging optical light concentration, non-rudiative encrgy transfer within assemblies
of chlorophyll molecules and the supply of excitation energy to photosynthetic
reaction centers. The excited state produces a sensitization-type of electron injection
imo the electron-transfer chair, and electron trapsfer across the photosynthetic
membrane. This electron transport leads to the generation of reduced energy-carrying
chemiczl species (NADPH) and simultaneously alsc to a proton transfer across the
membrane in the opposite direction. The illuminated photosynthetic membrane thus
not only produces photoinduced currents and potentials but also behaves like &
combined electron- and ion-conductor sble to undergo topotactic redox reactions.
This means that illumination leads to the insertion and transport of ions. The proton
gradient produced between the inside and the outside of the photosynthetic membrane
stores energy which is used to drive a proton current across a reversible ATPase
which leads to the synthesis of ATP from ADP. The energy-rich compounds ATP
and NADPH are then used to fix carbon dioxide for the production of carbon

s
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316 Helmut Tributsch

compounds as a source of energy and materials. The basis of photoinduced electron
transport is the transfer of electrons from water to NADP*, This photoinduced water-
splitting mechanism ;eading to the liberation of molecular oxygen and to the formation
of the hydrogen species bound to an energy-carrying molecule is the key solar energy
conversion prncess on carth. Life only became possible through evolution of an
efficient photocatalytic center for oxygen evolution from water. To evolve one molecule
of molecular oxygen four electrons have to be transferred from water. Since radical
intermediates have to bz avoided for energetic reasons, all four electrons have to be
transferred close to the thermodynamic redox potential of Eq = 1-23 V (NHE). This
is only possible in a highly specialized molecular enzymatic complex, which controls
intermediates in an extremely precise way. The watcr-oxndz.mg manganese complex in
photosynthesis contains two pairs of manganese centers in close proximity. Its exact
structure and function is not yet known.

Experimentally, und with syathetic and typically inorganic materials. most clementary
steps occurring in photosynthetic membranes 2an be qualitatively reproduced (Tributsch
1990). They include radiationless energy transfer between dye assemblies, electron
injection through sensitization (into oxide semiconductors), conversion of light into
electrochemical energy (with semiconductors), photogeneration of reduced species (at
semiconductor clectrodes), photoinduced ion insertion and transpors (at combined
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Figure 1. Cubes compare total ensrgy available from differsnt sources with solar energy
incideni on earth during one year. At the center is shown the worlkd energy consumption.
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semiconducting electron- and ion-conducting materials) as well as photocatalysis of
oxygen evolution from water (which up to now is energetically not yet efficient).

The key reason why we cannot yet reproduce photosynthesis artificially for technical
applications is our inability to produce stable solid-liquid junctions and to provide
complicated photoactive materials at reasonable prices. Since self-organization mech-
anisms and highly complex bioorganic reactions are not yet technically accessible
for artificial photosythesis, simpler technical pathways must be developed. Key elements
are inorganic materials, which are thermodynamically and kinetically stable under
illumination and polarization. Since cheap and efficient complex-organic catalysts
are not available, highly catalytic metals, deposited on semiconductors, must be
considered for fuel generation. This means that our inability to deal properly with
the complexity and instability of organic molecules and materials forces us to adopt
strategies in which the principles of energy conversion are equivalent to the biological
ones but the materials are very different. In addition, technical applications aim at
much higher energy conversion efficiencies than biological systems, which typically
do not specialize in energy conversion but simultaneously also optimize other functions.
There is no doubt that large-scale utilization of solar energy is an attractive and
reasonable long-term option for mankind. Figure | shows that the solar energy
incident on carth during one year exceeds the total energy available from all other
energy forms, including fossil and nuclear energy via plutonium breeding.

2. Efficiency considerations

The most efficient green plants (C4- plants like sugarcane or corn) produce, during
their most productive scason, biomass with a solar energy efficiency of 2 -4°%, Averaged
over a farming year, however, not more than 0-5°, solar cnergy efficiency can be
expected. As plants also consume cnergy for their living processes, the real
energy conversion efficiency could be higher by a factor of two. Since 4 mechanism
leading to energy storage always consumes energy. the primary energy conversion
efficiency in the most efficient plants may reach 10°, in the most efficient season.

From thermodynamic calculations we know that photon-absorbing materials may
produce a solar energy conversion cfficiency of up to 31, depending on their band
gap or absorption gap (figure 2). The best evidence that this can reasonably well be
approached is given by the highly developed electronic materials silicon and gallium
arsenide. Solar energy conversion devices made of silicon with its energy gap of
Eg = 1-1eV may have a theoretical energy conversion efliciency limit of 27°,, whilc
247, has been achieved in the laboratory. Gallium arsenide solar cells with an energy
gap of approximately Eg = 1-5¢V have a theoretical energy conversion efficiency of
close to 30°, while 27°, has been reached in the laboratory. Several solur energy
absorbing materials arranged into a cascade reach theoretical solar energy conversion
efficiencies beyond 50°, which suggests that at the long term practical solar energy
conversion efficiencies of the order of 40°, may be expected.

Energy is always lost during energy storage in chemicals such as hydrogen. However,
for water photoelectrolysis with a tandem solar cell, a theoretical energy conversion
efficiency of 279, and a practical one of 20%, have been estimated (Bolton ef al 1985).
This means, that well-developed technical solar energy systems for the production
of chemical energy could become more efficient by a factor of 40 than agricultural
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ones (0-5% as yearly average). These considerations clearly show the promise of
technical systems for solar fuef generation, which should motivate on-going research.

3. Strategies for solar fuel generation

3.1 Photovolaic-electrochemical generarion of hydrogen from water and of carbon
compounds from carbon dioxide

The technically most straightforward way for solar fuel generation is photovoltaic
generation of electricity for the production of chemicals by electrochemical syntheses,
The classical technical vision of solar pioneers are huge photovoltaic installations in
the deserts, which produce electricity {or the electrolysis of seawater. A practical
obstacle is at present the high cost of photovoltaic electricity which still is ten times
as expensive as electricity produced from fossil fuels. However, photovoltaic energy
will become cheaper with mass production and improved manufacturing techniques.
It may also be expected that social costs of fossil energy, including political and
environmental costs, health consequences and greenhouse effects, which are significant,
may gradually be added to increase the prize of fossil energy. Recently, the concept
of huge centralized photovoltaic power stations has seen a gradual transformation.
It became apparent, that — especially in countries with much sunshine — most photo-
voltaic energy needed could be produced by photovoltaic panels installed on houses,
in villages and cities. Small electrical inverters, directly integrated into the panels
would convert the direct photocurrent immediately into alternating current which
could be coupled into the public electricity grid. In fact, such inverter-equipped panels
could directly be plugged in into the grid and during sunshine would only cause the
clectricity counter to invert the movement and count the negative consumption
(equivalent to production). The advantage of such a decentralized, grid-connected
photovoltaic system would be that the installation would be simple and flexible and
electrical losses would be relatively small. Inconvenient and expensive direct current
irstallations, such as thick cables, could also be avoided. The electrical energy could
conveniently be used in centralized installations for hydrogen production for chemical
use or for electricity generation in fuel cell power plants (figure 3). Energy self-sufficient
solar houses can produce hydrogen directly under pressure to avoid compression for
hydrogen storage. A problem, concerning electrode degradation as a consequence of
a highly irregular energy supply for water electrolysis could be surmounted by applying
a bias potential to the electrodes during intervals without solar energy. Electrode
corrosion could in this way be avoided with just a small sacrificial loss of energy.

Electricity can, of course, also be used for direct reduction of carbon dioxide.
Recently, much effort has been made to develop metallic electrodes for the generation
of alcohol, methane or other chemical energy carriers from carbon dioxide (Azuma
et al 1990). Pure copper electrodes turned out to be catalytically the most active
material. However, inhibition by intermediates, limited selectivity of the electrodes
and toxic side products (carbon monoxide) remain a problem. Additional complications
are that relatively high overpotentials have to be applied, that catalysis is limited to
comparatively small current densities and that for the applied electrode potentials
hydrogen evolution is an efficiency reducing competitive reaction.
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PHOTOVOLTAIC CELLS
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Figure 3. Picture showing decentralized photovoltaic energy production on houses.
interconnection with the alternaling current grid and centralized hydrogen production and
reutilization.
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Figuwe 4. Photosynthesis as well as geothermally powered chemosynthesis can lead to the
build-up of carbon compounds via the Calvin cycle.
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In principle, it is possible to isolate biological enzymes which are active in carbon
dioxide reduction and to immobilize them o: <lectrodes. But it turns out to be very
difficult to keep the immobilized enzymes active for a reasonably long time period.

3.2 Photovoltaic-electrochemical or photoelectrochemical generation of simple energy
carriers (e.g. Fe(Il) from Fe(l1]). which provide th¢ encrgy cource for carbon dioxide
fixating bacteria

Photosynthesis is not the only energy basis sustaining biologicai ecosystems on earth.
Chemosyrnthesis can also support life and also leads to fixation of carbon dioxide
for living activities and biomass formation. Well-known examples are submarine
ecosystems existing around so-called black smokers, which are powered by geothermal
energy and Loerate reduced species (e.g. Fe(Il)), sulfur and sulfides (figure 4).

Bacteria like Thiobacillus ferrooxidars use the inorganic chemical energy as their
only energy source to drive carbon dioxide fixation. In addition they only need a
few salts for the supply of chemical elenients and an acid environment (pH < 3) to
avoid precipitation of Fe,(80,);. These bacteria are approximately 1 um long, of
oval shape and are equipped with a rotating flagellum for propagation. They, in fact,
use the same Calvin cycle as plants for carbon dioxide fixation and biomass formation
but use inorganic chemical energy instead of photon energy as primary cnergy sougce.
Depending on whether the bacteria use Fe?* or a su'fide (FeS,) as the energy source,
the energy converting chemical reaction can be written as follows.

bact., CO2

4FeSO, + 2H, 50, + 0; — — 2Fe,(80,); + 2H, 0 + biomass, (1)

bact., CO;

2FeS; + 70,4 2H,0

2FeS0, + 2H,S0, + bivmass. {2)

Biomass formation is based on the fixation of carbon dioxide according to the Calvin
cycle:

CO, + 3ATP + 2NADH —(CH,O) + 3JADP + 3P, + 2NAD. 3)

Both the energy carriers ATP and NADH are generated by the energy liberated
during Fel* oxidation (7-84-5-89keal/mol between pH 1S and 3) and sulfide
oxidation respectively (= 200kcal/mol for a disulfide). 118kcal/mol of energy is
needed for the reduction of carbon dioxide.

The strategy of using solar energy for the synthesis of simple energy carriers
consumed by chemoautotrophic bacteria has been discussed in some detzil (Tributsch
1979, 1982, 1989). In the simplest technical set-up (figure 5), solar energy is uscd to
generate Fe?' and oxygen in an electrochemical cell either by photovoltaic or
photoelectrochemical energy. These two chemical species are sufficient to activate
the Calvin cycle via the bacterial metabolism which is able to fix carbon dioxide.
19Fe?* ions must be oxidized for the fixation of one CO, molecule. In addition, the
bacteria (Thiobacillus ferrooxidans) only need some inorganic minerals and trace
elements, which has been confirmed in many cultivation experiments (Kelly et al 1977).

it is thus sufficient to generate Fe2* and O, by photovoltaic or photoelectrochemical
processes to provide the basis for continuous growth and continuous carbon dioxide
fixation by bacterial culture. This process is simple and efficient since the required
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Figure 8. Solur electrochemical and thermoelectrochemicnl generation of chemical energy
carriers (Fe2*, FeS;) for bacterial biomass production,

electrode materials (noble metals and RuQ,) are available and the bacteria rapidly
reproduce in presence of the energy source. The real growth yield (gram dry weight
per gram atom Fe?*) has been determined for continuous cultures to be 133,
corresponding to an energy efficiency for CO, fixation of », = 78-8% (Kelly et al
1977). Since bacterial life processes themselves consume energy, the real efficiency is
reduced to n,, = 472 (corresponding to a real growth yield of 0-8).

Considering an efficiency of n,, = 80%, for the photovcitaic generation of Fe?* in
an electrochemical cell, it is foun that the total efficiency n = m 9. for carbon
dioxide fixation would be approximately one third of the photovoltaic energy
conversion efficiency. This means that for a solar cell with 15% solar energy canversion
efliciency the efficiency of carbon dioxide fixation would be approximately n = 5:6%.
This is higher than the efficiency of photosynthetic carbon dioxide fixation. If sulfide
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compounds could be synthesized from sulfate by solar-powered electrochemical
processes, these sulfides could, of course, also serve as energy carriers for the bacterial
energy cycle. The energy density of sulfide/sulfate-based solar-powered biomass
production systems would be significantly higher, since the bacteria can gain much
more energy from sulfide oxidation.

3.3 Thedirect photoelectrocatalytical generation of solar fuels with especially tailored
photoactive semiconductor electrodes

The most fascinating and ambitious strategy for the production of chemicals with
solar energy is the direct photoelectrochiemical synthesis with catalytic electrodes. It
is an interfacial molecular photoelectrochemical approach which follows, with new
materials, the principle of the photosynthetic mechanism applied in the thylacoide
membranes of plants. In this approach, electrode materials have to be identified,
which not only temporarily store excitation-energy (semiconductors with an eneryy
gap appropriate for harvesting solar energy), but which also photoreact in a way
which [acilitates the formation of chemical products which store energy. A key target
has been photoelectrochemical water splitting, which can be separated into a cathodic
hydrogen-evolution step and an anodic oxygen-evolution step. Hydrogen evolution
is a kinetically simple reaction and can quite easily be accomplished using metal
catalyst particles (e.g. Pt, Pd, Ni) on photoactive electrodes. Oxygen evolution,
however, is a complicated multielectron.transfer reaction and remains the real
problem in the water-snlitting reaction. Many strategies have been tried to accomplish
photoelectrolysis of water including the use of oxides with large energy gaps, of
semiconductors which are covered by stable thin-oxide films, catalytic metals or
catalytic polymers (for a review see Tributsch 1989b). Much research has been directed
into the photoreaction of TiO, and related large gap oxides (¢.g. StTiO,) with water.
Even though the photoelectrochemistry of these materials is very interesting, it has
not really advanced our knowledge on water <plitting with visible light. The oxidation
potential (quasi-Fermi level for holes) at UV-illuminated TiO, interfaces is so positive
that OH-radicals can be generated by direct oxidation of OH ™. This is the basis of
a radical photoelectrochemistry which also allows evolution of oxygen. Such a process
is interesting for the degradation of organic waste compounds (Fox 1989), but
energetically not favourable for water splitting using visible light.

Our strategy for the photoelectrochemical production of chemicals has been to
provide photoelectrodes which allow light-induced interfacial coordination chemical
mechanisms to proceed via transition metal states (figure 6). Many transition metal
compounds with energy bands derived from transition metal d-states have been
investigated (table 1). Generally it turns out that an anodic photoreaction with water
is possible when photogenerated holes are provided for the interfacial reaction via a
semiconductor valence band derived from d-states. However, the transition metal
must be able to reach a s.fficiently high oxidation state for oxygen evolution (e.g.
Pt, Ru, Re, Ir). If this is not the case as with Fe in FeS,, the oxygen is transferred
to the sulfur for sulfate formation. The oxidation of the chalcogen is favoured when
changing from a sulfide to a selenide and telluride (¢.g. in RuX,-compounds) due to
an increasing cverlap of chalcogenide p states with valence band d-states.

Water photooxidation to molecular oxygen is efficient when the valence-band edge
is made up of pure d-s*ates (Jaegermann and Tributsch 1988). There is no doubt that
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compounds is indicated.
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a photoinduced interfacial coordination complex 1s formed with water. Jon-scattering
experiments have indeed confirmed that electron donors like 17, Br~ or OH ™ interact
with the interfacial metal centers of the electrode. Attachment of suitable metal ligands
to these interfaces (e.g. CN, CO, pyrazine) improves photoinduced interfacial electron
transfer (Schubert and Tributsch 1990; Biiker et al 1993) which supports the picture
of metal-centered interfacial coordination photoelectrochemistry.

For a long time it remained a puzzle why van der Waals surfaces of layer-type
transition metal dichalcogenides with d-band structure are photocatalytically active
even though the surface-atom layer is made up of chalcogen atoms. Potential-assisted
water photooxidation to molecular oxygen has not only been observed for PtS,
(Tributsch and Gorochov 1981), though with a high overpotential typical for platinum,
but also for freshly cleaved MoS, for the first 6-8 hours after starting the experiments.
For Mo§; the water oxidation to molecular oxygen, measured by polarographic
technigues, gradually changes to molybdenum sulfate formation and corrosion (Tributsch
1977). This latter reaction is facilitated at edge sites of the material, which expose
dangling bonds. It may be concluded that water oxidation to molecular oxygen is
even possible with a comparable modestly active catalytic metal such as molybdenum,
as long as there are no dangling bonds in the environment which could reant with
intermediate species such as surface-bound oxygen. However, it was unclear how
water molecules could have access to the molybdenum d-states through a monolayer
of sulfur. Recently, high resolution tunnelling electron microscopic pictures performed
at TaSe; have clearly shown that the Mo-dz? charge-density contours are visible
besides those of the surface sulfur atoms. Atoms at two differen: levels are sensed by
the tunnelling tip. The transition-metal charge density does protrude upward between
the sulfur charge density so that it is accessible for reactants from the electrolyte and
for chemical interaction (Haneman and Tributsch 1993).
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Figure 7. Scheme of charge density profile at van der Waals surface of a layer-type
semiconductor {(MoS;.PtS,) showing accessibility of metal d2? orbitals for interaction with
water. An edge site, where corrosion occurs, is also shown.

This explains, why potential-assisted photoinduced oxygen evolution was observed
at freshly cleaved MoS, surfaces. The lack of dangling bonds at the van der Waals
surface kept the Mo-peroxo complex sufficiently stable for oxygen evolution.

This confirms that photoelectrochemical interaction of water with transition metals
is the key to water oxidation to molecular oxygen. As long as the peroxo-type complex
can be stabilized and side reactions are largely suppressed, oxygen may be liberated
even with a modestly active transition metal. However, as soon as side reactions with
increase of step-site formation (exposed dangling bonds) dominate, sulfate formation
and corrosion result. This means that we need not only form a suitable transition
metal complex with water photoelectrochemically but have also to provide for a
suitable chemicul snvironment. Transition metals which allow the formation of high
oxidation states (Ru, Pt, Ir) do not seem to readily shift oxygen from their peroxo
complex to the sulfur. Therefore photoreactions lead to oxygen evolution when these
metal centers are active on d-type sulfide serniconductor surfaces. The compound
RuS, turned out to be very efficient for photoinduced potential-assisted oxygen
evolution (up to 40% quantum efficieiicy observed (Collel et al 1993)) and kinetically
very stable (not dissolved by aqua regia). However, when in ruthenium disulfide one
sulfur atom is replaced by phosphorus, so that the semiconducting compound RuPS§
is formed, corrosion is significantly increased (Fleming and Tributsch 1993). The
reason may be the ease with which oxygen can be transferred to phosphorus to form
soluble phosphate. The molecular basis of interfacial photoreactivity of RuS, for

s
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witter oxdation to molecular oxygen is presently investigated with new techniques
and with systematic maierial modifications. It turns out that the clectrical field in
the Helmholtz-laye- contributes to the efficiency of oxygen evolution (Alonso Vante
ei al 1993, Electronically degenerate samples which produce a significant potential
drop in the double layer show improved oxygen evolution. which indicates that a
potentisl-dependent activation barrier may be controlling the reaction. Since proton
exchange between the surface and the electrolyte participates in the oxygen-evolution
pracess, this ion-transfer mechanism (e.g. desorption of protons as steps leading to
the formation of an interfacial peroxo complex) may be rate determining (Alonso
Vante et ol 1993). The requirement of an interfacial electrical field for photoinduced
water oxidation would be an important restriction for semiconducting oxygen
evolution electrodes.

To improve the catalytic activity of materials for photoinduced multielectron-
transfer, semiconducting d-band materials were developed which provide clusters of
transition metals as reservoirs and interfacial coordination centers for reactants
(Alonso Vante and Tributsch 1986). Most of these are of the type M, Mo, X,
MMao, X,. or Re, X, Y, (M =metal: X =8. Se: Y =Cl, Br) and permit inscrtion of
additional metal atoms into channels between transition metal clusters. At such
interfaces with clustered transition metal centers, interfacial complexes, which can
accommodate several electrons needed for multielectron-transfer catalysis, are
expected. It turns out that oxygen-reduction and hydrogen-evolution in acid solution
at semiconducting clectrodes of the type Ru, Mo, Se, are as efficiently catalyzed as
at platinum electrodes (Alonso Vante and Tributsch 1986; Alonso Vante er al 1989).
A systematic variation of metals inserted into cluster materials showed that cooperative
interaction befween metal atoms is important for multielectron transfer. However,
the proxinuty of another atom is not important for hydrogen evolution, since the
individually most active catalytic element. present in the semiconductor interface, s
involved in hydrogen evolution catalysis.

Even though cluster compounds with reasonably good photoeffects could be
developed and have demonstrated photoinduced oxygen-reduction behaviour (Fischer
et al 1993) with high photocatalytic activity, they have not yet shown sufficient
stability for anodic photoprocesses. 1t turned out that anodic metal oxide formation
by less noble metals (e.g. Mo) leading to soluble oxidation products s 4 limiting side
reaction. Cluster compounds, on the other hand, now already appear to be catalytically
very favourable for cathodic multielectron reactions.

Interfacial coordination chemical mechanisms may be a precondition for photo-
clectrolysis of water but cannot guarantee a low overpotential. The overpotential
needed will largely be determined by the energetic position and the stepwise dynamic
transformation of electronic states of the interfacial coordination complexes formed.
However, transition metal clusters serve as reservoirs for electrons and the energetic
variation of states in complexes formed during multielectron transfer with these is
more restricted, which is an energetic advantage.

3.4 lIrreversible, nonlinear thermodynamics - a key to efficient kinetics and stability
of fuel producing interfaces?

Several arguments indicate that autocatalysis and dynamic structural changes during
electron transfer are additionally needed for energy efficiency during multi-electron
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Figwre 8. Reaction pathway with nonlinear autocatalytic feedback (above) and proposed
function of the manganese-containing oxygen-evolution center of photosynthesis (below).

transfer reactions. In order to avoid successive transfers of electrons with all the
difficulty of controlling the energetic properties of intermediates, it may be attempted
to transfer electrons collectively in a cooperative way. This concept is new and goes
beyond classical electron transfer theory, which only knows successive electron transfer
steps. A key element of cooperation within the framework of irreversible thermo-
dynamics is autocatalysis. When the first electron is transferred it must form an
intermediate state which exerts a feedback upon the second, third or following electrons.
Model calculations indeed show that a “slaving” of degrees of freedom can occur
which theoretically proves cooperative electron transfer (Pohlmann and Tributsch
1992; Tributsch and Pohimann 1992). It can intuitively be understood in analogy to
photon emission, which by feedback mechanisms (stimulated emission) turns into
coherent laser light. Calculations show that onset of cooperation is accompanied by
a breakdown of the activation barrier. In practice, this irreversible thermodynamic
approach to multiclectron transfer and chemical fuel generation means that very
specific electronic-dynamic conformation changes must occur during the process. It
may perhaps procee. in the above-mentioned cluster compounds during multielectron
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transfer since the volume of the clusters is increased when electrons are extracted.
Model calculations show that nonlinear feedback is needed for cooperative electron
transfer.

Water photoelectrolysis - as it occurs in photosynthesis - is an energetically extremely
efficient process since it occurs very close to the reversible thermodynamic oxidation
potential of water (E, = 1-23 V) and may thus be considered to be a phenomenon of
nonlinear irreversible thermodynamics. The accumulation of four photogenerated
holes in the manganese complex may proceed in the conventionally described way.
however, during transition of the state J, to J, (which is accompanied by oxygen
¢volution), the first clectron extracted from water must induce an autocatalytic
feedback inducing an increase of the transfer rate of the second and the following
clectrons for inducing cooperative electron transfer. A key problem in this new approach
to multielectron transfer catalysis is to understand and properly handle autocatalytic
reactions. :

Figure 9 compares classical stepwise multielectron transfer with cooperative electron
transfer triggered by nonlinear autocatalysis. In this way new nuclear configurations
for both the reactant aud the product are formed which dramatically reduce activation
barriers. It can be imagined that an autocatalytic configuration pathway can be

exploited to reach a much more favourable electron-transfer situation.
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Cooperation in catalysis of fuel production may not be the only irreversible process
of a new kind to be explored for solar fuel production. 1t is well known that bological
membranes are unstable when extracted from biological systems and 1t s well known
that artificial photoelectrochemical cells have problems with instability. The key
strategy which nature employs to stabilize fragile structures is the export of entropy
{increase of order) through cooperative mechanisms, based on autocatalytic processes.
The entropy of a critical system 1s maintained by channelling entropy production of
the irreversible system through uncritical pathways and by repairing damage. We
call the phenomencen seif-organization. We may have (o learn about it to handle the
stability problems of photoclectrodes.

4. Discussion

We have seen that initistives towirds solar-fucl production meet severa fronticers
One is of political nature. As long as fossil Tuels are sold at such low prices without
taking into account the real social costs and long-term environmental degradation
including the greenhouse effect, fuel from solar energy will not be able 10 compete.
We should nevertheless make efforts 1o develop solar-fuel technologies because sooner
or later mankind will realize thet it is not possible to cheat nature and time. Fossil
fuels are in fact “borrowed biomass™, for which we should pay interest because
accumulating carbon dioxide will have to be recycled by phofosvnthetic processes.
This interest (or carbon dioxide tax), should be used to counteract the greenhouse
effect by reforestation. energy-efficient architecture, introduction of solar energy
technology and energy suving.

The second frontier is a strategic one. Transition to solar energy utilization should
be a gradual one and should, to a large extent. guarantee the advantages of modern
technology. It should also not threaten the survival of cities with high densities of
population. 1t is my feeling that the most convenient approach to large scale solar
fuel production would be the strategy sketched in figure 3 Photovoltaic systems
installed in large numbers on buildings, over otherwise-used lund and in small
photovoltaic plants, which are interconnected with the public clectricity grid, will
supply most of the clectrical energy. Surplus electrical energy will be extracted from
the grid in special ¢lectrolysis plants for hydrogen production. This hydrogen can be
stored to be reconverted to electrical energy via fuel cells. It can also be used for the
chemical industry or its energy stored in the form of methanol or ammonia after
combining it with carbon dioxide and nitrogen respectively for further use.

An alternative and complementary strategy for chemical-fuel generation from solar
energy could be based on the photovoltaic electrochemical generation of a simple
inorganic energy carrier such as Fe?' (from Fe®"). In the presence of oxvgen it is
the only energy carrier needed for carbon dioxide fixating bacteria, which provide
high quality biomass containing proteins, carbohydrates and lipids. The solar energy
efficiency of this biomass route based on chemosynthetic bacteria exceeds natural
photosynthetic energy conversion efficicncy. This strategy, which can also be based
on a sulfide-sulfate energy cycle, could in fact become the background of an entirely
artificial type of agriculture, practicable on infertile desert fand.

The third frontier is the microscopic, molecular photoelectrdchemical one, which
aims at direct photoinduced water splitting or carbon dioxide fixation. This route
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closely follows the strategy applied in green plants, but must, for the near tuture. rely
on significantly less complicated materials and processes. Much rescarchas still needed
to produce energy-storing chemicals through such direct interfacial photocatalytical
mechanisms. We have shown that a material research strategy towards photoelectrodes
able to induce interfacial coordination chemical reactions with water or other reactants
for multielectron transfer mechanisms is very promising. Water can indeed be photo-
oxidized to oxygen with high quantum efficiency. Huwever, the overpotential cannot
casily be controlled and limited to low values.

Here we have introduced a isew strategy 1o improve the kinetics of fuel generation.
The feasibility of cooperative electron transfer has been theoretically demonstrated.
The catalyst must be able to exert feedback reactions on subsequent electron transfer
steps during electron transfer. This means that it must have the property o induce
autocatalytic processes. Such mechanisms belong to nonlinear irreversibie thermo-
dynamics. This is a field we consider of great challenge for photoelectrochemistry
since it provides mechanisms which can extract entropy or increase order locally at
the expense of general entropy production. Entropy export would be helpful both
for stabilizing energy-converting electrode interfaces and for the photosynthesis of
complicated molecules. Nature has skilfully exploited the potential of far-from-
equilibnum mechanisms and it may be that for improved solar generation of fuels
we also will have to learn to handle them.

References

Alonse Vante N, Collel H and Tributseh H 1993 J. Phys Chem. 97 73X

Alonso Vante N, Schubert B and Tributsch H 1989 Mater. Chem Phys 22 2R1

Alonso Vante N and Tributsch H 1986 Narure (London) 323 43)

Azuma M, Hushimoto K. Hiramote M, Watanabe M and Sakata T 1990 J. Llectrachem. Soc. 137 1772

Bolton R J. Stnckler S J and Conolly 1 S 1985 Nature (Londan) 316 495

Buker K, Vante N A and Tributsch H 1993 {to be published}

Collel H. Alonso Vante N und Tributseh H 1993 (to be published)

Fischer €. Alonso Vante N and Tributsch H 1993 (to be pulhhished)

Fleming | G and Tributsch H 1993 J. Electrochem. Soc. it be published)

Fov M A 1989 In Photocatalisais teds) N Serpone and F Pelizett (New York J Wiley & Sons) p 431 isee
also additional contributions in this volume)

Haneman D and Trbutsch H 1993 Chem. Phys Lett an press)

Juegermann W and Tributsch H (Y88 Prog. Surf. Sci. 29 1

Kelly D P, Feclesion M oand Jones ¢ A 1977 1n Conference vn Bacterial Leaching eds) H G Schlege!
and J Barnea (Gotingen. Verlag Cherme)

Pohlmann L and Tributsch H 19924 J. Theor. Binl. 1%6 63

Pohimann L and Tribatsch H 1992b J. Theor Biol 199 443

Schubert B and Tributsch H 1990 tnorg. Chem. 29 5042

Tnbutsch B 1977 2. Naturforsch. 32 !

Tributsch H 1979 Nature (London) 281 555

Tributsch H 1982 Aeronaut. 4stronart. 20 6

Tributsch H 19894 1n Phatoconrersion processes for energy and chemicals (¢ds) D O Hall, G Grassi
(New York, London: Elsevier) p. 283

Tributsch H 1989b In Photocatalysis (eds) N Serpone and E Pelizetti (New York: J Wiley & Sons)p. 336

Tributsch H 1990 In Proceedings of the Ist Warld Renewable Energy Conference. Energy and the
Environment in the 1990s (ed.) A M Sayigh, vol. 3. p 1447

Tributsch H and Gorochov O 1981 Electrochim. Acta 27 218

Tributsch H and Pohimann L 1992 Chem. Phys. Lett. 188 338




Proc. Indian Acad. Sci. (Chem. Sci.), Vol. 105, No. 6, December 1993, pp. 333-342.
& Prnted in India.

Photobiotechnology: Application of photosynthesis to the production
of renewable fuels and chemicals

E GREENBAUM

Chemical Technology Division, Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge,
TN 37831-6194, USA

Abstract. Sustained hydrogen photoevolution from Chiamydomonas reinhardtii and C.
moewusii was measured under an anoxic, CO;-containing atmosphere. It has been discovered
that light intensity and temperature influence the partitioning of reductant between the
hydrogen photoevolution pathway and the Calvin cycle. Under low incident light intensity
{1-3Wm~?)or low temperature (2 0°C), the flow of photosynthetic reductant to the Calvin
cycle was reduced, and reductant was partitioned to the hydrogen pathway as evidenced by
sustained H, photoevolution. Under saturating light (25 Wm ™) and moderate temperature
{20 £ 5°C), the Calvin cycle became the absolute sink for reductant with the exception of a
burst of H, occurring at light on. A novel photobiophysical phenomenon was observed in
isolated spinach chloroplasts that were metalized by precipitating colloidal platinum onto
the surface of the thylakoid membranes. A two-point irradiation and detection system was
constructed in which a continuous beam helium-neon laser (i = 6328 nm) was used to
irradiate the platinized chioroplasts at varying perpendicular distances from a single lincar
platinum electrode in pressure contact with the platinized chloroplasts. No external vollage
bias was applied to the system. The key objective of the experiments reported in this report
was to measure the relative photoconductivity of the chloroplast-metal composite matrix.

Keyworde. Photobiotechnology; photosynthesis; hydrogen; oxygen; platinized chioroplasts;
water splitting.

1. Introduction

1.1 Hydrogen production

Hydrogen photoevolution by uniceliular algac was first demonstrated by Gaflron
and Rubin (1942). Since their pioneering discovery, the reducing power driving
sustained hydrogen photoevolution under anaerobiosis has been shown to be
primarily derived from the water-splitting reaction of photosystem II (Bishop et al
1977). In green algae. an oxygen-labile hydrogenase couplies the oxidation of reduced
ferredoxin with hydrogen evolution. Hydrogenase is a critical catalyst for a number
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of single and multistep reactions. Experimental conditions determine which reactions
proceed (Bishop et al 1977; Senger and Bishop 1979).

Light activated:

(1) Photoreduction: CO, + 2H, + light - CH,0 + H, 0,

(2) H, photoproduction: XH; + light - X + H,.

Thermally activated:

(3) Oxy-hydrogen reaction: 2H, + O, —2H,0,

(4) Dark CO, fixation: CO, + H, + energy -+ CH,0 + H, 0,
(5) H, production: RH, - R + H,,

(6) Hz uptake: R -+ Hz—’sz.

In the absence of CO,, the absolute light-saturated rate of electron transport is
greatly reduced. Under these experimental conditions hydrogen evolution is the main
pathway for the utilization of photoproduced reductant. The steady-state ratio for
H,; to O; evolution is usually close to two, indicating that essentially all electrons
generated by the biophotolysis of water are expressed as H, (Greenbaum 1984; Ward
et al 1985). If CO, is available sustained hydrogen photoproduction does not occur
(Gaffroa and Rubin 1942; Stuart and Gaffron 1972). Gaffron and Rubin (1942)
demonstrated that under anaerobic conditions dinitrophenol inhibited CO, reduction
in Scenedesmus and allowed hydrogen photoproduction to occur in the presence of
CO,. Similarly, glucose and carbonyl cyanide-m-chlorophenythydrazone stimulated
H, photoevolution in the presence of CO, (Kaltwasser et al 1969). Those experiments
suggested the coexistence of two reductant sinks, with the Calvin cycle being the
primary sink in the presence of CO, and the hydrogen pathway serving as an alternate
sink that functioned when CO, was absent or when the activity of the Calvin cycle
was inhibited.

Stuart and Gallron (1972) approached the problem of dual, competitive pathways
using a closed system and chemical inhibitors. However, a closed-system approach
is severely limited in the useful information that can be obtained. For example,
uniform conditions are impossible to maintain for the duration of an experiment
because the organisms modify their environment by liberating O, and H, and
consuming CQO,. This situation leads to non-steady-state conditions that stimulate
several of the aforementioned hydrogenase mediated reactions, thereby greatly
complicating the interpretation of experimental results. The experiments described
in this review have taken a new approach to this problem. First, continuous gas flow
was used; this prevented O, inactivation of hydrogenase resulting from the accumulation
of O,, which occurred in closed systems such as those used in most other studies of
anaerobic photosynthesis. Second, continuous flow also removed photoproduced H,
and O, so that the oxy-hydrogen and photoreduction reactions, photorespiration,
and respiration did not occur. Third, the concentration of CO; was maintained at
a constant level by bubbling an He-CQ, gas mixture through the sample instead of
supplying CO, from [inite bicarbonate or gas phase source (Gaffron and Rubin 1942;
Healey 1970: Stuart and Gaffron 1972; Gfeller and Gibbs 1985). Fourth, the ability
to perform long-term experiments in which all measured reactions were driven into
stcady-state provided additional information not available previously. The coexistence
of two pathways that directly utilize photogencrated reductant provides a unique
opportunity to experimentally examine the kinetic competition between the pathways
for reductant and the regulatory mechanisms that work to control and balance the
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activities of the Calvin cycle, the hydrogen pathway, and the photosynthesis. The key
discovery of this report is control of partitioning of photogenerated reductant between
the hydrogen pathway and the Calvin cycle, by variable light intensity and temperature.

1.2 Photoconductivity

Photosynthesis is vectorial photochemistry. Light quanta that are captured in photo-
synthetic reaction centers initiate a primary electron transfer reaction, resulting in
spatial separation of electrostatic charge across the photosynthetic membrane. The
vectorial nature of photosynthesis lies in the intrinsic orientation of the reaction
centers embedded in the membranes. Electron flow is from the inner membrane
surface of the flattened sac-like vesicles to the outer surface (Amesz 1987). In normal
photosynthesis, clectrons from the reducing end of photosystem I are used for the
enzymatic reduction of NADP* to NADPH, This reduction is mediated by ferredoxin
and ferredoxin NADP-reductase. NADPH serves as the electron carrier to the Calvin
cycle for the enzymatic reduction of atmospheric carbon dioxide to plant matter.

Tt has been shown that colloidal platinum can be precipitated onto the surface of
photosynthetic membranes so that water is photobiocatalytically split into molecular
hydrogen and oxygen upon illumination with light of any wavelength in the chlorophyll
absorption spectrum (Greenbaum 1985). Since no electron mediator such as ferredoxin
or methyl viologen was present, the colloidal platinum must have been precipitated
sufficiently close to the photosystem 1 reduction site to allow interfacial electron
transfer from the membrane to the platinum. The presence of a reticulated network
of platinum particles embedded in the chloroplast matrix suggests that metal-like
properties can, at least partially, be imparted to the chloroplasts. In this work, the
relative photoconductivity of the material was measured by the flow of photocurrent
in the plane of the entrapped platinized chloroplasts of uniform thickness from the
point of laser irradiation to the linear platinum wire electrode.

2. Results

2.1 Hydrogen production

Under anaerobic conditions in the absence of CO,, the ratio of light-saturated,
steady-state H, and O, photoevolution by C. reinhardrii approached two. However,
when CO, was introduced, photosaturated O, evolution increased dramatically and
light-driven H, evolution ceased, except for a transient burst that occurred when the
light was turned on. Thes¢ observations were consistent with those of Stuart and
Galffron (1972).

The 5-10-fold increase in light-driven O, production corresponded with the typical
increase attributed to the bicarbonate effect on PS Il activity (Vermaas and Govindjee
1981), The lack of sustained H, photoevolution suggested that CO, also affected the
activation of the Calvin cycle because CO, is well known to activate RuBP Carboxylase
by providing substrate and positive effector (Lorimer et al 1976). The Calvin cycle
provided a faster kinetic sink for reductant than the H, pathway thereby eliminating
H, photoevolution under conditions where photosynthesis and the Calvin cycle were
fully activated.

—
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2.2 Hydrogenase activity in the presence of CO,

Dark hydrogen evolution and the burst of H, accompanying ‘light on® in the presence
of CO, indicated that hydrogenase activity was not adversely affected by CO; or
the high O, photoevolution rate in the continuous flow experimental system. The yield
of H; represented by the burst at ‘light on® was about 25 nmol for the cell suspension
containing 50 ug Chl. Normalizing the data to 1 mg of Chl, the H, yicld from the
burst was 500 nmol/mg Chl. By measuring the H, yield associated with the burst in
other, similar experiments, the yield was found to be variable, ranging from 200 to
1000 nmol/mg Chl (data not shown). This information allowed an estimation of the
number of reducing equivalents contributed by each photosynthetic electron transport
chain for the transient burst. The following calculation was based on the data
normalized to 1:.ng Chl

500 x 10~ "molH, /(1.1 x 10~ ®mol Chl/500 mol Chl/mol photosynthetic
electron transport chains) =227 mol H,/mol electron transport chain.

With 2 electrons per H,, a total of 454 electrons were spent in the burst of H,.
This number far exceeds ~ 5-20 reducing equivalents per electron transport chain
stored in a completely reduced plastoquinone pool (Joliot 1965; Forbush and Kok
1968; Stichl and Witt 1969; Greenbaum 1979).

To determine the source of the reductant driving the burst of H, at light-on in the
presence of CO,, an ethanolic solution of DCMU was added to the algal cells to
give a final DCMU concentration of 15 uM. This level of DCMU completely eliminated
the burst of H; at light-on as well as O, photoevolution (data not shown). However,
sustained light-driven H, evolution was observed for a few hours after the addition
of DCMU demonstrating that stored reductant can be used for light-driven H,
photoevolution.

2.3 The effect of light intensity on H, and Qs photoevolution

Light intensity was varied from 0 to 25 W m ™ 2. Under low-light conditions, sustained
H, photoevolution was detected with the maximum ratio of H, to O, being about
one at 0°C, sustained, albeit low, H, photoproduction was observed even at the
highest light intensity.

In the absence of CO, at 20°C and at various light intensities, H, and O, were
coevolved with a hydrogen-to-oxygen ratio of about 2, as previously reported
(Greenbaum 1984). The yield of H, and O, at 0°C was similar to that seen at 20°C,
and the stoichiometry of H,-to-O; was = 2.

2.4  The effect of temperature on H, and O,

Light-driven H, production was measured at temperatures ranging from 0 to 40°C.
Pretreatment of the algae had a significant effect on O, and H, photoevolution. The
cells adapted to changes in temperature by shifting their optimal photoproduction
temperature. For example, cells held overnight at 0°C showed higher O, yields at
5°C than cells taken from 20 to 5°C within 2 h and assayed immediately. After cooling
to 0°C, the algae were assayed for 1h then the temperature was raised by 5°C and
the same algae were assayed for 1 h foliowed by another 5°C temperature adjustment
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and 1h assay until 40°C was reached. The temperature changes required less than
Smin each and the steady-state rate of photoevolution was then measured after 1 h
of irradiation.

At 3°C steady-state H, and O, photoevolution occurred in the presence of CO,.
The ratio of H, to O, was about 1.2, indicating that the hydrogen pathway was not
the sole pathway for reductant utilization. Under these conditions, competition for
reductant evidently existed between the Calvin cycle and the H, pathway. Moderate
temperatures (> 5 and < 30°C) caused the cessation of H; photoevolution; however,
at warmer temperatures (> 30°C), a small portion of the photogenerated reductant
was shunted to the hydrogen pathway.

In the abzence of CO,, the H,-to-O, photoevolution ratio remained close to 2
until the temperature rose to > 25°C. At warmer temperatures, the H,-to-O, ratio
significantly exceeded 2, suggesting that additional reductant was being supplied from
a source other than PS I1. The alternative source, which may enter the photosynthetic
electron transport chair through the plastoquinone pool (Diner and Mauzerall 1973;
Gfeller and Gibbs 1985; Peltier et al 1987), was light driven since ¥, photoevolution
feli to zero when the light was turned off.

2.5 Photoconductivity

Table 1 presents data for four platinum concentrations. A 5-m! suspension of spinach
chloroplasts (containing 3 mg of chlorophyll) was used. Platinization of chloroplasts
is feasible because hexachloroplatinate can be converted to metallic platinum at pH 7
and room temperature (Anderson 1975). These are experimental conditions that
preserve photoactivity of the isolated chloropiasts. The platinized chloroplasts were
entrapped on a thin, fiberglass filter pad (Millipore, AP40) and were moistened with
Walker's assay medium (Walker 1980), in which the chloroplasts were suspended.
The fiberglass filter pad was 0-3mm thick, had an active filtration area of 10d cm?,
and contained no binder resins. The thickness of the chloroplast film was estimaied
to be between 0-01 and 0-1 mm. A silver—silver chloride reference electrode was piaced

Table 1, Vectorial photocurrents and electron-transfer
distances in platinized chloroplasts as a function of platinum

loading,

Line no. I5,*nA D, . mm (Pt]® mg/mi
1 0 0 024

2 0 0 049

3 36 23 097

4 7-8 34 1-94

* 1, is Cefined as the measured photocurrent when D = 0. This
corresponded to the laser beam position when it was directly
over the .ear electrode and was the maximum current
measured in each run.

®Aqueous-phase plutinum concentration from which the
platinum precipitation step was performed. Lines 1 and 2
are the average of two runs each. Line 3 is the average of
three runs. Line 4 is the average of six runs.
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in pressure contact with the filter; a straight, single, platinum wire of 0-2mm diameter
was placed in pressure contact with the entrapped platinized chloroplasts. The
clectrodes, platinized chloroplasts, and [lilter paper were held together with lucite
plates and compression screws. To prevent the electrochemistry of atmospheric oxygen
from interfering with thc cathode reactions by providing an alternative electron
pathway, the entire assembly was placed in a small glass chamber sealed with an
O-ring. The O-ring was pierced to allow the passage of two narrow-diameter wires
for establishing electrical contact with the electrodes. Premoistened helium gas flowed
through the chamber to flush out atmospheric oxygen. After about 45 min, the oxygen
concentration of the chambei was below 3 ppm as measured by a calibrated Hersch
electrogalvanic cell. Calibration was achieved with an in-linc electrolysis cell and
Faraday's law of electrochemical equivalence.

The platinum precipitation step was performed in a water-jacketed reactor cell
containing 8:0 ml of suspension maintained at 20°C. Molecular hydrogen was passed
over the head space of the reactor while a teflon-coated magnetic stirrer was used
to gently stir the chloroplast suspension in a neutral hexachloroplatinate solution.
Purge times of 30 to 60 min were used. After incubation and precipitation, the reactor
chamber was opened to air, the contents were filtered onto the filter pad, and the
cell was assembled as described previously. This coprecipitation step was essential.

The novel observation in this research is the effeci of the precipitated platinum on
the photoconductivity of the chloroplast matrix. Each data point represented a steady-
state flow of current. Although steady-state was achieved within a few minutes of
cach change in the laser beam position, sustained photocurrent could be observed
for hours. Each data point represents a dwell time of 15 to 20min.

The photocurrent had a maximum value when the lascr beam was directly over
the platinum wire. Although the laser beam was partially blocked by the wire electrode
when the beam was positioned directly over it, this loss of light was not sufficient to
cause a drop in photocurrent. This observation is reasonable since the diameter of
the laser beam is larger than the diameter of the platinum wire electrode. Also, the
close physical proximity of the laser light and wire on the umbral periphery of the
wire provided for efficient charge collection. The ¢xtent to which the laser beam could
be moved from the wire and stiil generate measurable photocurrent depended on the
concentration of the solution from which the platinum was precipitated. Table 1 is
a summary of the data of initial currents and maximum distances that were observed
for varying distances.

3. Discussion

3.1 Hydrogen production

These results establish the coexistenve of two competitive pathways for photosyn-
thetically generated reductant and support the findings of Gaffron and coworkers
that under anaerobiosis and CO,, inhibitors of photophosphorylation and carbon
reduction stimulate H, photoevolution in microalgae. Light and temperature
physically accomplished a result similar to that achieved by the chemical inhibitors
used in prior research (Gaffron and Rubin 1942; Stuart and Gaffron 1972). Under
low light intensities the activity of many Calvin cycle enzymes is known to be reduced




Photosynthesis and renewable fuels 339

(Buchanan 1980), resulting in an imbalance between the number of reducing equivalents
generated by photosynthetic water splitting and the number consumed for carbon
reduction. At least part of the excess was expressed as H, via the hydrogen pathway.
Similarly, both high and low temperature caused a disparity between production and
demand, again leading to the expression of H,. Based on these observations and
those of Gaffron and colleagues (Gaffron and Rubin 1942; Stuart and Gaffron 1972),
any event that selectively impairs the demand of the Calvin cycle for reductant should
lead to the expression of the excess reducing equivalents as H;. The experimental
conditions lead to a relative imbalance between reductant demand by the Calvin
cycle and reductant supply by photosynthetic water splitting. The resuits suggest that
the activity of the photosynthetic electron transport chain and the photosystems was
less sensitive to low temperatures and light regulation than the Calvin cycle. The fact
that H, photoevolution rates under He were comparable at both 20 and 0°C indicated
that hydrogenase was not limiting at the lower temperature.

Hydrogen evolution in the dark was accounted for by the dark hydrogen production
reaction (Healey 1970). The burst of H; at light-on represented H, photoevolution.
The reductant expended in the burst may be from at least three different sources:
(1) electrons may be released from the completely reduced plastoquinone pool. One
complete release would account for abeut 10 hydrogen molecules per photosynthetic
electron transport chain, assuming 20 PQ/pool. (2% Electrons may be released from
a stored pool of reductan: other than the plastoquinone pool although this reductant
may enter the photosynthetic electron transport chain via the plastoquinone pool
(Diner and Mauzerall 1973; Greenbaum 1984; Gfeller and Gibbs 1985; Peltier et ul
1987). (3) Hydrogen photoproduction may be directly driven by the biophotolysis of
water. Since the amount of reductant necessary io give a hydrogen burst of the
measured magnitude must equal about 450 electrons, the plastoquinone pooli cannot
be the sole source of reductant. An alternative pocol, biophotolysis of water, or both
may contribute to the transient burst. Inhibition of O, evolution with DCMU
eliminated the burst of H, at light-on indicating that the burst was driven by the
biophotolysis of water. However, the observation of sustained light-driven H;
praduction in"the absence of O, photoevolution indicated that stored reductant was
entering the photosynthetic electron transport system under these conditions. The
most likely ¢ «planation for the burst of H, upon illumination is a time delay between
photosynthetic reductant production and activation of light regulated Calvin cycle
enzymes. During the lag time, reductant is partitioned to the H, pathway. However,
the possibility that electrons from an alternative source contribute to the burst cannot
be completely excluded since H, evolution was observed in the presence of DCM U,

In conclusion, the coexistetice of two competitive pathways for photogenerated
reducing equivalents has been demonstrated in C. reinhardtii and C. moewusii adapted
for H; evolution in the presence of CO,. The experimental manipulation of electron
partitioning between the two pathways, using the physical parameters of light and
temperature, indicates that the pathways coexist under certain experimental conditions.
These pathways provide the organisms with a mechanism to avoid becoming ‘over
reduced’ under circumstances where reductant availability exceeds demand. These
experiments also demonstrate that the flow of photogenerated reductant can be
partially and reversibly switched from carbon fixation to hydrogen evolution for the
production of a high-energy. inorganic compound by simply changing conditions in
the physical envitonment.
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3.2 Photoconductivity

The origin of the photocurrent can be understood as follows: It has previously been
shown that colloidal platinum can make electrical contact with the reducing end of
photosystem I of photosynthesis. This contact was demonstrated by (1) the photo-
catalytic evolution of molecular hydrogen and (2) the observation of photocurrent
in a sandwichlike photobioelectrochemical celt (Greenbaum 1989). Upon illumination,
the platinum clectrode in pressure contact with the platinized chloroplasts swung
negative with respect to the silver-silver chioride electrode that was in pressure
contact with the electrolyte-impregnated filter pad. No external bias was placed on
the electrodes to force the direction of photocurrent flow.

A reasonable model for these results, based on the generally accepted structure of
photosynthetic membranes (Marder and Barber 1989), is that colloidal platinum
precipitated onto the externa surface of the thylakoid membranes forms an isopotential
surface whose distance is determined by the connectivity of the reticulated collvidal
particles that are the metallic component of the chloroplast-metal composite matrix.
This distance is a statistical parameter whose average value is determined by the nature
of the platinum precipitation process. When platinum is precipitated, it does so in a
nonspecific manner on the external surface of the thylakoid membrane. There is,
however, an electrostatic between ihe negative charge of the hexachloroplatinate ions
and the local positive charge of the lysine residues constituting part of the polypeptides
of the photosystem I proteins (Colvert and Davis 1983),

The experimental system described in this work differs qualitatively from prior
research performed with photosynthesis-based bioelectrochemical cells that utilized
various organelles and components to generate photocurrents. Examples of prior
research include chlorophyll liquid crystals (Aizawa et al 1978, 1979), pigmented
bilayer membranes (Tien 1976), chloroplasts (Haechnel and Hochheimer 1979),
chloroplast membranes (Allen et al 1974; Allen and Crane 1976; Allen 1977), algae
(Ochiai et al 1980), and photosynthetic bacterial reaction centers {Janzen and Seibert
1980). For example, a photosystem Il-enriched subn:erabrane fraction in a photo-
electrochemical cell operated in potentiostatic mode was used by Lemieux and
Carpentier (1988) to generate photocurrents. The cell included artificial electron
acceptors acting as charge transfer mediators between the photosynthetic membrane
and the working electrode. Trissl and Kunze (1985) took another approach to
generating and measuring photoelectric signals; they studied primary electrogenic
reactions in chloroplasts probed by picosecond flash-induced dielectric polarization.
Seibert and Kendall-Tobias (1982) measured photoelectrochemical properties of
electrodes coated with photoactive-membrane vesicles isolated from photosynthetic
bacteria. In their work, chromatophores isolated from the photosynthetic bacterium
Rhodopseudomonas sphaeroides R-26 were prepared as a film on tin oxide electrodes,
and the response to red light was examined in a liquid-junction photoelectrochemical
cell. Alexandrowicz and Berns (1980) measured photovoltages in chloroplast extract
bilayer membranes stimulated by micromolar amounts of oxidants and reductants.

The distinguishing feature of the work presented in this paper is that the planar
composite matrix of precipitated platinum and chloroplast membranes is the conductive
medium. That is to say, unlike chloroplast suspensions coupled to electrodes by
redox-active mediators (there are no mediators in the preparation) or chloroplast
preparations or films in close physical proximity to the electrodes, the composite
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photobioelectronic material itself is the photoconductive pathway. It was demonstrated
that the concentration of the solution from which the platinum was precipitated
directly affects the relative photoconductivity of the sample.

In conslusion, it has been demonstrated that electrical contact with the reducing
end of photosystem I was achieved by precipitating colloidal platinum in the presence
of isolated chloroplasts. The presence of the platinum had a significant effect on the
photoconductivity of the metal-biolopical composite material. This work is techno-
logically significant because the photosynthetic reaction centers are nanometer
structures with picosecond switching times. This work demonstrates that the electron
transport chain of photosynthesis can be clectrically contacted and that the larger
structural matrix of the platinized chloroplasts demonstrates enhanced photoconduc-
tivity.
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Gold-platinum bimetallic cluster catalysts for visible light-induced
hydrogen production from water

NAOKI TOSHIMA®* and TETSU YONEZAWA

Department of Industrial Chemistry, Faculty of Engineering. The University ol Tokyo,
Hongo, Bunkyo-ku, Tokyo 113, Japan

Abstract. Simultaneous reduction of two kinds of nobie metal ions by refluxing in alcohol
in the presence of poly(N-vinyl-2.pyrrolidone) can generally give polymer-protected
bimetallic clusters with a core structure. The structures of the clusters were determined by
the EXAFS measurements. On the other hand, it is known that micelle-protected platinum
clusters work us good catalysts for visible light«induced hydrogen production from water
in & system of EDTA/Ru(bpy);* /methy! viologen. The stable dispersions of polymer- und
micelle-protected gold/platinum bimetallic clusters were prepared by alcohol- and photo-
veduction, respectively. The dispersions prepared by photoreduction in the presence of micelle
are mainly composed of the mixtures of monometailic gold and platinum clusters, which
cannot work as more active catalystc than monometallic platinum clusters. In contrast, the
dispersions prepared by alcohol-reduction in the presence of polymer are composed of Au/Pt
bimetallic clusters with a “Pt-surrounded Au-core” structure, which are more active cutalysts
than the monometallic Pt clusters as catalysts for the hydrogen production.

Keywords. Bimetallic cluster; platinum; hydrogen production; catalysts; solar energy
storage; electron transfer.

1. Introduction

Production of hydrogen and oxygen from water by using visible light energy has
been a dream for mankind for artificial photosynthesis (see for example, Yamada
et al 1983). Production of hydrogen by visible light irradiation in the system of
EDTA/Ru(bpy)3* /methyl viologen/Pt is a kind of model for such artificial photo-
synthesis (figure 1). Although this system uses a sacrificial electron donor, EDTA,
the production of hydrogen by visible light irradiation is an uphill reaction. In this
system, platinum has been used as a catalyst for the production of hydrogen. Colloidal
platinum is superior to other platinum catalysts like platinum black and conventional
platinum catalysts because of its high specific surface area and transparency with
respect to visible light.

More than a decade ago, we developed a convenient method to prepare colloidal
dispersions of noble metals (Hirai et al 1978; Hirai and Toshima 1986). Refluxing of
the solution of noble metal ions in aicohol without additives usually results in the
formation of black precipitate which is the reduced metal. However, the addition of
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EDTA.. : :Ru (bpy)y* *Ru (bpy) 3% MV"'K %Hz
EDTA Ru(bpy)}* u*

Figore 1. Visible light<induced hydrogen production in a system of Pt colloid/methyl
viologen/ruthenium complex/EDTA (sacrificial 1eagent).

me _CHaOH
reflux
precipitates
aM™ e e
reflux
polymer-metal complex homogenaous

transparent

Figure 2. Schematic illustration of reduction of metal ions by refluxing in methanol in the
absence and presence of poly(N-vinyl-2-pyrrolidone).

a watet-soluble polymer, especially poly(N-vinyl-2-pyrrolidone), to the solution before
reduction results in polymer-metal complexes which produce the homogencous and
transparent colloidal dispersion of noble metals on refluxing as illustrated in figure 2.
Colloidal dispersions thus prepared contain metal clusters which are small in size
and of narrow size distribution. They are stable and active as catalysts for months,
The size of the clusters can be controlled by the reaction conditions, such as the type
of alcohol or polymer used, and the concentration of the metal ions or alcohols. The
colloidal dispersion of platinum clusters prepared by this method has been applied
to the catalyst for the system shown in figure 1, indicating an interesting size effect
of the Pt-clusters upon the catalytic activity (Toshima et al 1981).

More sophisticated platinum catalysts have been developed by using surfactants
(Toshima ez al 1988). Thus, visible-light irradiation of the aqueous solution of hexa-
chloroplatinic acid containing surfactant micelles gave a colloidal dispersion of
platinum clusters protected by micelles, If the surfactant has a terminal olefin, UV-
irradiation in the presence of an initiator or y-ray irradiation polymerizes the surfactant
molecules to form polymerized micelle-protected platinum clusters. When the platinum
clusters thus prepared are used as catalysts for visible light-induced hydrogen production
in the system of figure 1, the presence of the hydrophobic micellar phase in a hydro-
philic aqueous medium can promote effective charge separation (figure 3).

Against this background, we would like to present here the preparation and
characterization of bimetallic clusters, and the application of gold/platinum bimetallic
clusters to the visible light-induced hydrogen production from water.

2. Preparation and characterization of colloidal dispersions of bimetallic clusters

Colloidal dispersions of bimetallic clusters can be easily prepared by refluxing the
mixed solution of both metal ions in alcohol in the presence of poly(N-vinyl-2-
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Figure 3. Schematic illustration of effective visible light-induced hydrogen production by
using micelle-protected Pt clusters as catalyst.

¢
-t - n N
(=] O o o
| ] !

-

o
1

initial rate/H,mol-Pgptmof’

0O B 1
9-‘ 20 40 60 80 100
Pd ratio/ %

Figure 4. Dependence upon the metal composition of the catalytic activity of Pd/Pt
bimetallic clusters for partial hydrogenation of 1,3-cyclooctadiene.

pyrrolidone) (PVP). For example, the solution of PdCl, and H, PtCl, in ethanol/water
(1/1, v/v}) in the presence of the PVP was refluxed for 1h, resulting in colloidal
dispersions of the Pd/Pt bimetallic clusters (Toshima et al 1989). The bimetallic
clusters are smaller in size and narrower in size distribution than monometallic
platinum or palladium clusters, The Pd/Pt bimetallic clusters thus prepared were
used as catalysts for partial hydrogenation of 1,3-cyclooctadiene to cyclooctene. The
dependence of catalytic activity on the metal composition (figure 4) indicates that
the Pd/Pt bimetallic cluster at a Pd concentration of 80%, i.e., Pd/Pt (4/1), has the
highest activity, about 3 times that of the monometallic palladium cluster (Toshima
et al 1989).

The structure of Pd/Pt (4/1) bimetallic clusters has been determined by using an
EXAFS technique (Toshima et al 1990, 1991; Harada et al 1992). Four kinds of
coordination numbers obtained from EXAFS measurements for Pd/Pt (4/1) clusters

———— . =
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Figure 8. Model for Pd/Pt (4/1) bimetallic clisters.  Figure 6, Model for Pd/Pt (1/1) bimetallic clusters.

Figure 7. Model for Au/Pd (1/4) bimetallic clusters.

can be compared with those calculated for the model structure shown in figure 5,
indicating that the Pd/P? (4/1) cluster has a “Pd-surrounded Pt-core” structure. Even
though the Pd/Pt ratio is varied, the Pt-core structure is maintained. Thus, the
Pd/Pt (1/1) cluster has the structure shown in figure 6. In this structure, some of the
Pd atoms located on the surface of the Pd/Pt (4/1) cluster have been replaced by Pt
atoms, but the other Pd atoms still remain on the surface forming islands.

Au/Pd bimetallic clusters were also prepared by the same method as described
above. Their structures were analyzed by the EXAFS technique again. Thus, the
Au/Pd (1/4) bimetallic cluster was shown to be a Pd-surrounded Au-core as shown in
figure 7 (Toshima et al 1992). In a similar way, the Rh/Pt (1/1) bimetallic cluster has
been determined to be an assembly of microclusters with Rh-surrounded Pt-core
structure.

From these results, it can be concluded that there is a tendency for noble metals
to form the inner core thus: (inner) Au > Pt > Pd > Rh (outer). This tendency could
be attributed to the coordination ability of the metal to the PVP which surrounds
the metal cluster for protection.

3. Colloidal dispersion of Au/Pt bimetallic clusters

Colloidal dispersions of Au/Pt bimetallic clusters were prepared by simultaneous
photoreduction of HAuCl, and H, PtCl, in water in the presence of nonionic sur-
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factants C, ,EO and by simultaneous alcohol reduction of HAuCl, and H; PtCi, in
ethanol/water in the presence of the water-soluble polymer, poly(N-vinyl-2- pyrrolidone)
(PVP). The former method was used to obtain micelle-protected Au/Pt bimetallic
clusters and the latter, to obtain polymer-protected Au/Pt bimetallic clusters. These
clusters used for catalysis of visible light-induced hydrogen production from water
in the system EDTA/Ru(bpy)?* /methyl viologen.

3.1 Photoreduction system

The degassed solution of H, PtCl, and HAuCl, in water in the presence of polyethylene
glycol monolaurate (C,,EO) was irradiated by visible light under argon for 4h,
resulting in reddish-brown solution. The bimetallic dispersion samples thus obtained
were used as the catalyst for visible light-induced hydrogen production. The results
are shown in figure 8, along with those of physical mixtures of monometallic Au and
Pt clusters prepared separatuly by the same method, and those of the monometallic
Pt clusters at concenliations equal to the Pt fraction of the Au/Pt bimetallic clusters.
The comparison uf these three kinds of catalysts indicates that the physical mixtures
have the same activities as those of the monometallic Pt clusters, which means that
the coexisting Au clusters have no effect on the catalytic activity of the monometallic
Pt clustcis. On the other hand, the Au/Pt bimetallic samples result in slightly higher
catalyuc activities than monometallic Pt clusters or mixtures. The increase in the
activity is not as large as expected. This is actually because Au/Pt bimetallic samples
are mainly composed of monometallic Pt and monometallic Au clusters, and contain
the Au/Pt bimetallic clusters only in small fractions. This is confirmed by comparing
the particle size distribution of the Au/Pt(3/2) bimetallic sample with that of
monometallic Au clusters. Thus, in the Au/Pt bimetallic sample, the large particles
are mainly composed of Au clusters and the small particles are the Pt clusters. Some
particles in the intermediate size range are probably the Au/Pt bimetallic clusters.

1.2
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H2 mol / metal mol '
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Figure 8. Visible light-induced hydrogen production catalyzed by C, , EO-protected Au/Pt
bimetallic clusters (@), physical mixtures of monometallic Au and Pt clusters (3), and
monometallic Pt clusters at concentrations equal to the Pt fraction of Au/Pt bimetallic
clusters (Q).




348 Naoki Toshima and Tetsu Yonezawa

1'° Lg T L — LJ L
a) 1 Au/PY(10/0)
2 Au/Pt(8/2)
1 3 Au/Pt(6/4)
4 Au/Pi(d4/6)
5 Au/Pi2/8)
§ 6 Au/Pt(0/10)
E 005 6 -
2 2
e 3
4
0.0 't b e i Yy
250 350 450 §50 850 750 850
Wavalength / nm
1-0 o T T - T
b) Au
Au(8)/P1(2)
Au(6)/P1(4)
Au(d)/P1(6)
Au(2)/PY(8)
§ Pt
: 08|
:
0.0 L . — " A\

250 350 450 §50 €50 750 850

Wavelength / nm

Figure 9. UV-Vis absorption spectra of (a) PVP-protected Au/Pt bimetallic clusters and
{b) mixtures of Au and Pt monometallic clusters.

The same conclusion can be drawn by comparing the UV-Vis absorption spectra
of the Au/Pt bimetallic samples with those of the physical mixtures. The physical
mixtures always have the absorption peak at about 545 nm, which is attributed to
the plasma absorption of Au, the peak height of which corresponds to the fraction
of Au clusters in the mixtures. The micelle-protected Au/Pt bimetallic - imples also
have the same absorption peaks, although the peak height is not as high as that of
the mixtures.

3.2 Alcohol-reduction system

The solution of H, PtCl, and HAuCl, in water/ethanol (1/1, v/v) in the presence of
poly(N-vinyl-2-pyrrolidone) (PVP) was heated to refluxing under argon for 2h,
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resulting in a dark brownish solution (Toshima and Yonezawa 1992). The dispersions
thus obtained are composed of small metal particles with rather narrow size distri-
bution, as shown by observation with a transmission electron microscope (TEM).
The UV-Vis absorption spectra of a series of PVP-protected Au/Pt bimetailic
clusters, shown in figure 9a, are quite different from those of the mixtures of mono-
metallic Au and Bt clusters (figure 9b) and those of the C ,EO-protected Au/Pt
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Figure 10. /n situ UV-Vis absorption spectra during the reduction of a 1/ mixture of
HAuCl, and H; PCl, in ethanol/water (1/1) in the presence of PVP. i <350nm (a) and
>350nm (b).
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Figure 11, Schematic illustration of the formation by alcohol reduction of PYP-protecied
Au/Pt bimetallic clusters.

clusters. Thus, the plasma absorption of Au decreases quickly with increase of
Pt fraction in the Au/Pt bimetallic clusters and completely disappears at Au/Pt = 3/2,
This demonstrates that enough Au atoms are not located on the surface of the Au/Pt
(3/2) bimetaltic cluster particle to show plasma absorption. In other words, the Au/Pt
(3/2) cluster particle is mainly covered by Pt atoms, and the Au atoms are located
near the centre of the bimetallic cluster particle, forming an Au core.

The Pt-surrounded Au-core structure is supported by the in situ UV-Vis absorption
spectra during the reduction of a 1/1 mixture of HAuCl, and H, PtCl; in the presence
of PVP. As shown in figure 10, the spectrum changes with refluxing time. The change
starts at the disappearance of the peak at about 310nm, due to Au(III) ions. Second,
the peak at about 260 nm, attributed to Pt(IV) ions, decreases, and third, the plasma
absorption at 545nm appears, indicating the formation of Au microclusters. At the
last, however, plasma absorption disappears and the absorption at whole wavelength
increases, suggesting the formation of Pt clusters. Thus, the Au microcluster is covered
by Pt atoms forming particles with Pt atoms over the whole surface.

The process of formation of PVP-protected Au/Pt bimetallic clusters by alcohol
reduction is schematically shown in figure 11, by which the mechanism of formation
of the Pt-surrounded Au-core structure can be understood. The importance of the
coordination ability of PVP should be emphasized again in this case. The stronger
coordination of PVP to Pt atoms as compared to Au atoms could control the order
of the aggregation of the atoms, resulting in the Au core and then the Pt shell.

The PVP-protected Au/Pt bimetallic clusters were used as catalysts for visible
light-induced hydrogen production. The results are shown in figure 12 for a total
metal concentration of 75 x 10~ °mol dm =3, Comparison of the catalytic activity of
the bimetallic clusters with that of monometallic Pt clusters indicates that Au/Pt
bimetallic clusters have higher activity than the monometallic Pt clusters. This is
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Figure 12. Catalytic activity depending on the metal composition and Pt concentration,
respectively, of visible light-induced hydrogen production catalyzed by PVP-protected Au/Pt
bimetallic clusters (@) and monometaliic Pt clusters (O).

probably because of thz ligand effect of the Au core on the Pt stell in the Au/Pt
bimetallic cluster particles. In other words, the Pt atoms on the surface of the bimetallic
clusters could be rich in electron density by localization of electrons from the inner
Au to the outer Pt because of the difference in electron affinities or ionization potentials
of Au and Pt atoms.

4, Conclusions

(1) Alcohol reduction of mixtures of two kinds of noble metal ions in the presence
of poly(MN-vinyl-2-pyrrolidone) can produce poly(N-vinyl-2-pyrrolidone)-protected
bimetallic clusters with a core structure, although photoreduction of the same mixtuses
in the presence of miccllzes produces the complex mixtures.

(2) A common tendency has been observed for the metal which favors the inner core
in the bimetallic clusters prepared by alcohol reduction in the presence of poly(N-
vinyl-2-pyrrolidone); (inner) Au > Pt > Pd > Rh (outer).

(3) Visible light-induced hydrogen production in a system of EDTA/Ru(bpy)?*/
methy! viologen/metal catalyst cannot be accelerated by the coexistence of Pt and
Au clusters, but can be accelerated by Au/Pt bimetallic clusters with a “Pt-surrounded
Au-cove structure”.
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Light-induced hydrogen production using waste compounds as
sacrifical electron donors
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Abstract.  Systems for the conversion and chemical storage of solar energy are usually based
on photo-induced electron transfer reactions from an excited sensitizer to an electron
acceptor (i.c. an electron relay compound). We have investigated the photo- and
electrochemical properties of two novel electron relay compounds: 1,1",1"trimethyl [4,2';
4'4"; 6'.4” Jquaterpyridinium trichloride () and 1,1',1",1%-tetramethyl(4,2"; 4',4"; 6'.4"]
quaterpyridinium tetrachloride (2). When solutions containing Ru(bpy),Cl, or Zn-porphyrin
(as photosensitizer), compound ) or 2 and EDDTA (as sacrificial electron donor) are irradiated
by visible light (# > 400 nm), only the formation of reduced relay compound | occurs, Addition
of platinum catalyst to such solutions with compound | leads to the formation of hydrogen.
Quantum yields are in the range of 5%, calculated for absorbed light. Using other sacrificial
electron donors such as alcohols or glucose (or waste compounds like 4-chiorophenol) did
not result in hydrogen evolution. However, | and 2 ure reduced by these sacriflcial electron
donors in the absence of an additional photosensitizer, when near UV irradiation light
(4> 280nm) is used. Quantum yields for hydrogen production with compound | are about
2%, calculated for absorbed light out of GC-measurements from H, in the gas phase above
the irradiated solution. The photo- and electrochemical properties of compounds | and
are discussed.

Keywords. Electron transfer; photo-induced hydrogen production; radicals; electron relays:
relay sensitizer.

1. Introduction

Convcersion and chemical storage of solar energy has become more interesting since
problems of environmental pollution and greenhouse warming increased. Different
approaches have been made for the conversion of light. Besides the production of
hydrogen by photovoltaic cells (generating electricity), combined with the electrolysis
of water, direct hydrogen production by the direct light driven splitting of water has
attracted much attention (Harriman and West 1982; Pelizzetti and Schiavello 1991),

Such systems are based usually on photo-induced charge separation.
S+ hv—=S*,
$*+R-8"+R",
A*+D-A" +D".

*For correspondence
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After excitation (1) a photosensitizer (S*) releases an clectron (2) to an electron-
accepting molecule (electron relay, R) or receives an electron (3) from an electron
donor (D).

In the presence of a suitable catalyst (e.g. platinum) the reduction of water can be
achieved either by the reduced relay radical R ™ or the reduced sensitizer A~ to give H;:

Pt

R*(A")+ H* —R(A)+ {H,. 4)

The reduction of the oxidized sensitizer S* (or the oxidized electron donor D*) can
be done ecither by oxidizing water to oxygen (5) or in the presence of a sacrificial
electron donor D. In this case, the oxidation of the electron donor is irreversible in
reaction (3) or (6):

RuO;
$*(D*)+3H,0 —S(D)+50,+H", (5)
§$*+D-S+D,. (6)

For practical applications, the use of sacrificial electron donor is of interest, only if
it is cheap or a waste product of some other reaction.

The utilization of a (organic) compound as such a donor is strongly limited by the
redox potentials of the sensitizer in its ground and excited state(s).

Since the oxidation potentials of widely used sensitizers (e.g. Ru(bpy)3*: EZ*/3* =
127V, E;'*** =08V vs. NHE) lie in the region of + 15V, we tried to find other
substances with more positive oxidation potentials (in their excited states).

2, Experimental details

Compounds | and 2 (see figure 1) were prepared according to Eichinger et al (1987)
and Bauer and Konigstein (1991). Tris (2,2'-bipyridyl) ruthenium(Il)chloride. 6H,0
(= Ru(bpy)3*, Janssen) and methy! viologen (= MV2*, Aldrich) were used without
further purification.

R

Figure 1. Compounds | and 2:]. R= —CH, R = -, xu3}; 2 RaR' = —CH;; x= 4.
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H,-production: Argon-purged solutions [containing | ml relay (compound | or 2.
cg = 10" 2mol/1), 0-5ml acetate buffer (co = 1 mol/l), 1 mol sacrificial electron donor
(EDTA, 2-propanol ot glucose, cq=01mol/l), 0-:3ml Pt-catalyst (co =109 mg/l
prepared according to Bauer and Konigstein (1991)) and 0-2ml water] were irradiated
by a Hg high pressure lamp {photon flux: I, = (2:1 £ 0-2) x 10'% photons s~ ' cm~2,
calculated from 280 to 580 nm, measured by ferrioxalate actinometry).

Solutions with Ru(bpy)’ * or proflavine as sensitizer consisting of 0-3 ml sensitizer
(co =5 x 10" 3mol/1),06 ml relay (methyl viologen, compound | or 2, co = 10~ 2mol/l),
0-5ml acetate buffer (co=1mol/l), 0-5ml 2-propanol, 0-3ml platinum catalyst
(co = 109 mg/1) and 0-8 mi water were irradiated with visible light (400 nm cut-off-filter,
250 W-tungsten halide filament lamp, photon flux: I§°°~ 389" = (3.33 4+ 0-05) x 10"’
photons s~ 'em ),

The H,-concentration in the gas phase was determined by GC-analysis (Carlo
Erba Instruments: GC 6000, with HWD-detector 430, column: 2m packed iron steel
column, filled with 5 A molecular sieve, carrier: N 1(99:999%)).

Spectroscopy and fluorescence: All absorption spectra were recorded with a Hitachi
220 spectrophotometer. Fluorescence and excitation spectra were monitored with a
Perkin Elmer LS 50 fluorescence spectrophotometer. As solvents, water (twice
distilled) and acetonitrile (p.A.) were used. The concentration was 10~ *mol/l, in
acetonitrile BF; was used as counter ion (instead of Cl1™).

Cyclovoltammetry, Measurements with compound | were reported in Bauer et al
(1992); those of ¢ were done with a Polarograph VA663 (Metrohm AG) equipped
with a Scanner VA E612 and Polarecord E506 reference electrode: Ag/AgCl; acetoni-
trile solution (working electrode: hanging mercury drop): supporting clectrolyte:
(01 mol/l tetrabutyl ammonium perchlorate (TBAP, electrochemical grade),
concentration of compound 2: ¢ = 2 x 10~ *mol/l; scan speed: v, = 50mV/s-200mV/s.

3. Results and discussion

Out of phosphorescence measurements the 0-0 transition cnergy of Ru(bpy)3* is
calculated to be 2:1eV. With its ground state redox potentials at EZ*/3* = 4 1127V
vs. NHE,and E}/3* = + 08V vs. NHE, those of the excited triplet state are E2**/** =
084V and E;/*** = 0-84 V (vs. NHE) (Juris et al 1988). So the maximum oxldauon
power of Ru(bpy)"’ is 127V (in the ground state). Only a small number of organic
compounds (solublc in water) are known, which can be oxidized at this potential (e.g.
EDTA, triethanol amine,...). Alcohols, acids (Kolbe photoreaction!) need a more
positive potential for their use as sacrificial electron donor agents.

Light-induced hydrogen production experiments with aqueous solutions of
Ru(bpy)3* (as photosensitizer), methyl viologen (MV2*) or compound | (as electron
relay substance), platinum catalyst, acetate buffer and EDTA gave H; with quantum
yields of 15 and 4% for MV?* and ], respectively (calculated for absorbed light,
Bauer and Konigstein 1991, 1993). Using compound 2 instead of MV2* or | as
electron relay compound, no H, could be produced Since the first reduction potential
of 2 (= — 1:15V vs, NHE, see table 1) is more negative than that of Ru(bpy);**
(E**** = ~ 084V vs. NHE) no clectron transfer can occur from the excned
sensnlzer to the electron relay according to (2).
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Table 1. Data on compounds | and 2.

Relay sensitizer AL, E, ., dE/dpH  ER*/R3+e  Apo-0 @

112,

compound [rm]  [mV] (mV] vl eVl [%]

1 3 -4 —~24 287 333 2

2 434 -~ 1150 - 171 2:86 —

E o extrapolated values from Bauer and Konigstein (1991); all potentials
vs. NHE;

dE/dpH measured with CV at different pH values (pH = 3 — 13) (Bauer and
Kdnigstein 1991); E, = E,",o +dE/dpH x pH;

M maximum of fluorescence emission;

E’E‘”" **¢  redox potentials (pH = 7) of the excited states for the reaction:
R3*% 4 2¢~ «R*;

AE®-° zero-zero transition energy, calculations from A2 ;

O am, quantum yields for H, production (for absorbed light, from
280-360 nm);

¢ electrochemical measurements of compound 2 were performed in

acetonitrile in the absence of protons.

Hydrogen production experiments with other organic sacrificial electron donors
(e.g. 2-propanol, glucose, 4-chlorophenol) failed due to unsuitable redox potentials,
as described above.

We have shown earlier (Bauer and Konigstein 1990, 1991, 1993) that 1,17,1"-trialkyl
[4,2';4',47, 6, 4" Jquaterpyridinium trichlorides can act both as photosensitizers and
electron relays when excited by near UV light (4 > 280nm), Excitation maxima in
aqueous solutions for compound | were found at 300 and 340 nm (Eichinger et al
1987; Bauer and Konigstein 1991).

Fluorescence measurements of aqueous solutions of 2 (¢ = 10~ 2mol/l, counter ion:
ClO, ) gave emission maxima at 370, 569 and 722nm. Excitation maxima for the
luminescence at 370 nm could be observed at 346 nm and for the yellow green emission
(569 nm) at 392 and 460 nm (figure 2).

The results are in good agreement with those obtained for other derivatives in the
series of the 1,1",1"-trialkyl[4, 2';4',4"; 6, 4” ] quaterpyridinium trichlorides (Eichinger
et al 1987, Bauer and Konigstein 1991),

Emission properties of both compounds ] and 2 in acetonitrile were a little different
from the results in aqueous solutions, reported above. An additional emission band
appeais at 427nm () and 429nm (2) with excitation maxima at 367nm (}) and
378 nm (2) (see figure 3).

Electrochemical measurements of 2 in acetonitrile gave as a result two reversible
reduction stepsat — 1-15and — 1-:33.V (vs. NHE). The shift to more negative potentials
compared with | is attributed to the fourth methyl group in 2.

Calculating the 0-0 transition energies out of the fluorescence measurements (Juris
et al 1988) of aqueous solutions (se¢ figure 2 and table 1), we found AE®~C = 3-33
and 3-35¢V for | and 2, respectively. The redox potentials of their excited states are
obtained with their ground state redox potentials of E’ = — 0-51 V (vs. NHE, pH = 7),
and E{’ = — 115V (vs. NHE) from cyclic voltammetry (CV): ES = + 2:82and + 220V
(vs. NHE) for ] and 2, respectively (sec table 1), This is much more positive than the
potential which can be reached by Ru(bpy)3*.

e -
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acetonitrile.

Excitation of aqueous solutions, containing compound | or 2, phosphate buffer
(pH = 7) and a sacrificial electron donor (EDTA, glucose or 2-propanol), with near
UV light (4 > 280 nm) resulted in the formation of reduced relay molecules and the
oxidation of organic compounds. In contrast, Ru(bpy)}* was successfully used as
photosensitizer only in combination with EDTA as sacrificial clectron donor.

In the presence of a platinum catalyst hydrogen could be detected in the gus phase
above the solution. The quantum yield was calculated for absorbed light to be:
D, .2, = 2% for compound |. However compound ¢ was not able to produce H;
under these conditions.

Using waste water containing 100 ppm 4-chlorophenol as sacrificial electron donor
agent for photoinduced H;-formation with compound | or 2 did not succeed, although
thermodynamically allowed.




358 Christiun Kdnigstein and Ruperi Bauer

A high excess of the electron-donating substance is necessary to obtain sufficiently
fast reaction rates. In case of glucose and 2-propanol the initial sacrificial donor
concentration was five times the concentration of | and 2, respectively.

4. Conclusion

Both compounds ] and 2 were found to be able to undergo reversible redox processes.
The first reduction potentials were determined by cyclic voltammetry E; = —0-51
and — 1'15V (at pH =7, vs, NHE) for ] and 2, respectively. Fluorescence measurements
of aqueous solutions showed that both compounds gave blue luminescence emission
with its maxima at 372nm (]) and at 370nm (2), when excited by near UV-light
(48" = ~ 340 nm). With 0-0 transition energies (from the emission properties) of 3:33
(1) and 3:35eV (2), redox potentials of the excited states were calculated: E*!' =282V
and E*? =220V (pH = 7, vs. NHE). These values are much more positive than the
redox potentials of Ru(bpy); * (08 V excited or 127 V ground state vs. NHE, respecti-
vely). Hydrogen production experiments showed that organic compounds in excess
can act as sacrificial electron donors with | or 2 (as relay-sensitizers).
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What’s new in stereophotolithography?

J C ANDRE®*, § CORBEL and J Y JEZEQUEL

GdR “Optical Instrumentation” CNRS, ENSIC.INPL, BP451-F 54001 Nancy Cedex.
France

Abstract. Lascr stereophotolithography is a technology which allows the space.resolved
phototransformation of a product. In this paper we describe the different basic processes
with their limits. We present several ways to override these limits and discuss new application
areas,

Keywords. Stereophotolithography: space-resolved phototransformation,

1. Introduction

First generation stercophotolithography (SPL) deals with the manufacture of three-
dimensional objects. They sre made by space-resolved laser-induced polymerization.
As a matter of fact, one uses a layer-by-layer process (photolithography) which allows
the manufacture of objects (steceo). This scientific field, which is widely open to
industrial application {design, prototyping, scale models etc.), is still restricted by the
quality of the materials: volume shrinkage, warping, hardness, mechanical properties
etc. All this defines a wide research area in connection with the making of new photo-
convertible materials by the association of monomers, the addition of fillers and new
photochemical initiators.

It is, for example, possible to override the limits of this technology, induced by
volume variations, by modifying the manufacture process to take them into account
beforehand. Also, since we aimed at manufacturing pieces fit for use, we developed
a “second generation” technique that we describe in this paper.

In other respects, several different domains of application exist and every one of
them needs specific materials as well as specific processes. They can be the manufacture
of optical pieces, microtechnological objects, scale models etc. This proves that the
market for stereophotolithography must expand and find application areas in specific
domains. Out of this description, the use of new principles in photochemical initiation
allows the possibility of 3D information systems.

In this paper, we shall recall the bases of the “first generation™ stereophotolithography,
show its limits and consider solutions to reach better tesults. These improvements
will come from the materials and/or the processes.

*For correspondence
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2. Recalls on the laser stereophotolithography

We have developed, along with others, a process which makes three-dimensional
objects by polymerizing a liquid monomer using a laser cnergy source (Andre et al
1990). The laser beam can be focused precisely on a liquid so that a liquid/solid
photochemical transformation can be achieved. The advantages over the traditional
techniques are that a mould is no longer necessary, the shape of the object can be
totally arbitrary and wear of the tool is not needed.

Here, we show how three-dimensional objects can be created by using computer-
aided design. In the curtent stage, this new technique, which has led to very promising
results, is limited by the choice of materials, and the traditional CAD has to be thus
adapted. After discussing briefly the manufacture of objects by computer-aided laser
polymerization, the coupling between the adapted CAD and the choice of materials
is shown. The applications of this new technique are not all known yet, however,
future progress will depend on the ability of specialists in the fields of materials
engineering, photochemistry and computer-aided design to work together.

2.1 Brief review of photopolymerization methods

If a sufficient number of photons is absorbed pe - volume unit, unstable species are
created and the liquid monomer polymerizes into a solid which is not soluble in the
liquid monomer.

A + hv - unstable specics,

unstable species + M — nonsoluble polymers.

The above simplified mechanism shows that two main difficulties have to be surmounted:
the local light abscrption and the choice of materials. If these two main difficulties
are only partially mastered, a modification of the computer-aided design becomes
necessary.

2.1a Light absorption: Two excitation techniques have been proposed so far: multi-
photonic absorption and monophotonic absorption. For now, the second seems more
efficient for industrial applications.

The theoretical basis is the Beer Lambert law. A light beam is incident on z, the
concentration C, is such that the light absorption during dt produces a polymerization
of the monomer between z and z + Az, If the beam radius is Ar, the polymerized
voxel volume is nAr?Az,

Successive layers of thickness, Az, are made. This is shown qualitatively in figure 1
Starting from the base which contains a layer of thickness Az, the laser beam is
displaced in the xy plane in order to solidify the z = 0 plane. Afterwards, a new layer
of monomer is added and the process is repeated. An object can be made with just
one laser. The laser beam is guided into the reactor containing the monomer. The
guide must be very loosely attached to the created voxel otherwise deformation or
rupturs is possible. Several techniques enabling this exist. In all monophotonic
processes, the object coordinates stored in the computer are given in the form z = f'(x, y).

2.1b  Materials: Unless some special mechanical property of the object is desired,
the liquid monomers should have the following characteristics: rapid reaction rate
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Iaser beam

-Az |~ 3rd Inysr being made
‘ 2nd layer  { polymer )
20 1rat layer { polymaer )

Figure 1. Principle of the layer-by-layer space-resolved polymerization.

object to make

and lowest possible viscosity in order to reduce the time needed per layer and to
limit hydrodynamic side effects caused by the guide displacement. Monomers M
having such properties are mainly in the epoxy or acrylate groups. Photochemists
know well how to initiate and control the reactions using these species. When a
monomer is polymerized, a volume variation is observed due to the photoreaction.
This has various consequences. A polymerized voxel, which is not ‘sustained and
whose density is higher than that of the liquid, will tend to sink to the bottom unless
held by surface tension forces. The manufactured object may thus acquire dimensions
other than the ones specified. Furthermore, the object can deform.

In order to remedy these difficulties, materials which do not shrink and which
have the properties mentioned carlier have to be searched for (¢f § 3). These materials
exist but their viscosity is often too high. Another solution is to adapt the computer-
aided design in order to limit memory effects induced by the polymerization.

The principle consists in polymerizing voxels that are separated one from the other.
The volume variation of each element occurs independently and then the interstices
separating the voxels are polymerized. Since the laser has to be continuously displaced,
a galvanometric mirror controlled by a computer should be used.

2.2 Basis of a laser CAD machine

2.2a  The machine:  The monophotonic process described earlier is split into several
sub-systems which are:

o the computer system which includes the computer which receives the CAD data
from another system. The computer system adaptes the data to defirie the optimum
laser beam displacement;

o the photochemical reactor;

o the laser:

e a motor-driven optical mechanical unit with several degrees of freedom which
shapes the light be.m and then deflects it into the monomer to be polymerized;

e a motor-driven system which moves the object along the z axis.

22b  CAD software:  In our case, the objects to be made are solids, either filled or
hollow. Furthermore, great care must be taken in their manufacture since they are
intended to be duplicated. A model is the more realistic that it accounts for the
greater number of constraints of the object.




i pmm e ———

362 J C Andre, S Corhel and J Y Jezequel

The system configuration must be able to use CAD software which is commercially
available. The interface must be conceived and should:

verify that the object can be made;
chouse the best manufacturing order;
decompose the object into voxels;
predict and impede object deformation;
command the whole process.

We have previously shown that it is not acceptable to create voxels that are independent
of the partially created object.

As indicated before, the object can be manufactured at z by laser-induced poly-
merization on the whole or part of the surface. The polymerization time is proportional
to h? for an object of size h and proportional to h? if only the surface is polymerized.
It may be advantageous to polymerize the surface of the object only plus several
eiements inside it to increase its rigidity.

After taking the object out of the reactor, it contains liquid monomer. It can be
used as such or a more complete polymerization can be obtained in an annex system.
One must take into account that in this latter case, the object can deform due to
shrinkage. The definition of the points where the object must be reinforced could
be interesting. All these technical difficulties can be solved by adapting existing CAD
software or by carefully choosing the materials used.

2.2c  Optical mechanics: Carboxylic components are the most well-known and the
most efficient photochemical reaction initiators, Their absorption spectra are centr:d

Figure 2. Object manufactured by laser stercophotolithography.
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at 350nm. A laser which emits in this spectral zone is usable (Hc/Cd. Ar* etc.). Other
compounds to initiate the reaction are available in the visible and the infrared regions.

When using z-axis displacement to guide the light beam, it is preferable to use
stages moved by a computer-controlled step-by-step motor. For a system using the
superposition of layers on the partially realized object, and in order to reduce manu-
facture time, it is advised to use displacement systems with very small inertia, for
example, computer-controlled galvanometric mirrors.

This technique allows the manufacture of objects having a satisfying shape and
quality (cf figure 2), Nevertheless, as already said, it is necessary to improve the
process to make it completely satisfactory, The {ollowing paragraphs describe several
ways to improve this process.

3. Improvement of first generation processes

It is clear that we must first improve the qualities of the materials. We arranged them
in the following decreasing order of importance:

e volumic shrinkage;

e viscosity;

o mechanical and thermal properties;
e resins with fast reaction kinetics.

Since so far it has been impossible to obtain no volume variation between the
monomer and the polymer when th: monomer is viscous, we had to present the
following modifications,

3.1 Improvement of the resins used in stereophotolithography (SPL)

It is necessary to use a resin whose shrinkage is as small as possible to avoid volume
deformations and shear stresses in the objects manufactured by SPL.

Experiments prove that when we use oligomers instead of monomers, the shrinkage
decreases. But since at the same time the viscosity of the liquid increases appreciably,
this limits the interest of the process beyond some value (several Pa.s typically).

Table 1.  Principal resins used in SPL commercially available in Europe.

Viscosity Elongation 1%, secant
(Pa.p) before break modulus Shrinkage
Resin Density (at T °C) Appearance (%)* (MPa)* (°4)
XB 5081 1-14 1-8-3-6 (30 Transparent 2-3 2500--3500 52
XB 5134 1112 1:6-2 (30) Slightly 10 800-1100
opaque
Somos 1113 1-5 (2%) Amber 15 800-900 62
3100 transparent
Somos 1-16 $:3(25) Milky white 12 30-40
2100 opaque
Diacryl 112 1:0-1-4 (25) Transparent 1-2 62

103

® Characteristics measured with products post-cured by fluoresoent or UV light
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Figure 4. Influence of the viscosity and of the shrinkage on the bend coefficient c.

In table 1 are presented the characteristics of several resins commonly available
commercially and used in Europe. They have small shrinkage ratios (between 5 and
6%, usually).

Beside this shrinkage problem, it would be interesting to correlate the type of the
resin with the global deformation of a test piece such as the one presented in figure 3.
These deformations occur after polymerization by SPL.

To compare various resins, we measure the thickness e¢;, 10mm away from the
base of the piece (¢f figure 3). We define the bend coeficient c (in %) as the ratio;

c=(e,/ey) 100,
where e, is the expected thickness of the piece. The closer ¢ is to 100, the more precise
is the piece.

By changing the composition of the reactive medium (a mixtare of several acrylic
oligomers to have fast reaction kinetics), we have not managed as yet to reach
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Figure 5. Specific gravity of the epoxy/PSS system before (O) and after (@) polymerization
versus the PSS ratio.

shrinkage ratios smaller than 5%, (¢f figure -*). By a trial-and-error method, we made
a resin (EOS-SPM) (Andre et al 1991), composed of aliphatic methane with carbonate
acrylic which has not only these volume properties, but also reasonable mechanical
characteristics.

Taking these results into account, a natural way to modify the characteristics of
the reactive medium is to add charges in it. They limit the proportion of reactive
medium per volume unit and then should induce smaller shrinkages. We experimentally
found that the shrinkage decreases linearly with the charge ratio when the charge is
not porous. This means that it can never be equal to zero. On the contrary, we
experimentally proved that it was possible to obtain the same density for the monomer
and the polymer (¢f figure 5) when we used porous charges.

This method of research is very atiractive as long as the resin viscosity does not
exceed several pascals and as long as the sedimentation of the charge can be neglected.
This implies the use of charges whose sizes are very small (Karrer et al 1992).

This short summary of the materials side of the process show that it is possible
to improve the geometrical characteristics of an object manufactured by SPL by
using propet compositions of the reactive medium. Nevertheless, it is still necessary
to carry on investigations in this area, and this is why it remains one of our research
fields of interest.

32 Improvement of the process

To improve the process, investigations can be developed in two dircctions: the
improvement of the process itself and the improvement of the polymerization ratio
to avoid a post-phototransiormation.

Layerwise photopolymerization generally uses the principle of a polymerization
by voxels which are independen. from the others: in a given layer, the liquid-to-solid
phototransformation is carried out on voxels which are individually affected by the
shrinkage effect. Then, a second pass of actinic light allows the voxels to be scaled
together so as to generate the final profile of the object. In doing so, the overall
deformation is the result of reduced volume shrinkages corresponding to the association
of the solid voxels with the others (¢f figure 6).
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Laser

Figure6. Principle of a space and time-resolved irradiation reducing the volume shrinkage.

A second improvement can come from research on materials having a high photo-
polymerization ratio, to avoid postpolymerizations in particular, which are very often
the cause of global deformations. This postpolymerization is necessary when:

e the progress of the reaction is such that one is beyond the gel point. The mechanical
properties of the object are satisfactory but complete polymerization is not yet
achieved.

e only a part of the object being manufactured is photopolymerized in order to reduce
the time of manufacture.

In table 2 we collected the conversion ratios of several commercialized acrylic
resins that we measured.

Table 2.  Experimental conversion ratio meusurements for several commercialized

resins.
Average conversion Energy density

Resins ratios (7;) (mJ. em~?)
Mixture of 98 818

50°;, ebecryl 7100

S0t Cl1993
1993 76 818
Ebecrvl 3200 84 R1-8
Misxture of 90 20

50%, ebecryl 3703

50°, C1993
Mixture of 92 20

50", ebecryl 3703

50°,, ebecryl 7100
Ebecryl 140 46 946
Eos SPM 91 88
Ebecry! 7100 96 16

Diucryl 103 47 16
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1.3 Conclusions

We have qualita: |y shown here the need to modify both the process and the photo-
transformable mu. -ials to improve the “first generation™ stereophotolithography.
Other principles can be considered to manufacture prototype pieces and the actually
existing technology must still be improved to fill the market which could be its own.

4. Secord generation stereophotolithography

The choice of naming this technology “second generation SPL" only deals with the
fact that the object is self-sustained during its manufacture. It means that the nature
and the reactivity of the materials are not tak:n into account in this definition. But
in the following descriptions, it will on the contrary be natural to make a distinction
between physical processes and chemical processes.

4.1 Physical processes

The basic principle of this process is the use of the powder of a material which can
either melt or sinter. This material can be a polymer, a ceramic powder, metal powders
etc. The choice of the material is much wider in that case because the imposed
conditions are the following:

o thc material must absorb light;

o the light energy must be high enough to melt or to sinter the powder;

e the adhesiveness between the particles of powder must be strong enough to obtain
a solid object.

The principle of | -« ~m works is shown in figure 7.

4.1a  Principle of tne mar yucter . o alayer:  Let us assume that the picce has been
manufactured up ko ghi "¢ make the mobiie sustaining plate go down at a

k. der stor e

mubiie tdnk Mirror. Light

hy

ey

“—-70ro level
—0bject being manufactured

Compression system h
<4—(Compacted powder

Mobile sustaining plate——»

-« Mobile 2 ax1s

Figure 7. Schematic block diagram of a second generation SPL process using powder
malerials.
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distance ¢’ from the zero level, slightly larger than the desired thickness e. In a second
step, we slide the powder storage mobile tank over the sustaining plate. This translation
of the storage tank fulfils two purposes: bringing in material and scraping the open
surface of the reactor.

To bring the particles of powder closer together, we can move up the plate by a
height of (¢ — ) and compact the material to a maximum by the compression system.
This more compact material leads to smaller shrinkages. The choice of the powder
is very important for obtaining the smallest possible deformations. For example, the
use of particles of different sizes could be a way to again increase the compactness.

In a third step - now that the new layer, e thick, is ready - we can induce the
phototransforn.ation of the material by melting or sintering the powder. The expected
space resolution depends on several parameters:

o the power of the laser;

¢ the resolution of the beam at the surface of the layer (one must in particular pay
attention to the problems of reflection and of diffusion of the light which can be
harmful to the eyes. The users of such apparatus must carefully read the safety
notices about laser sources);

o the local distribution of the particles;

the volumic and surface heat transfer coefficients;

¢ the thermal evolution of the material, from a pulverized state to a continuous state
when melting occurs;

among others,

However, this technology in principle presents important advantages because the
manufacture of an object made of different materials is highly simplified (¢ figure 8).

When the manufacture of the part is achieved the part lies inside a compact matrix,
The binding material is removed by a proper solvent - which can be water — and the
powder that has not been irradiated is casily taken away.

We define the object inside the matrix as a 3D latent image and the removal of
the non-irradiated powder as the development of this 3D image.

Figure 8. Piece manufactured by the space-resolved laser sintering of alumina powder.
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Command Galvanometric
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flmto be polymerized

Figure 9. Second generation SPL apparatus using composite materials.

Figure 10,  Object manufectured by a second generution SPL process.

4.2 Chemical pracesses

In the “bidimensional” lithography used in offsct or in electronics, one uses photo-
sensitive resins which are rendered insoluble by irradiation whereas the unradiated
1esin remains soluble in some solvent. This technique can schematically be compared
to the photoreticulation of a part of the material, and we can apply the technique
described in figure 7 to manufacture 3D objects: since the irradiated resin becomes
insoluble, one only has to plunge the matrix into an appropriate solvent to develop
the object.

Another method to manufacture objects by a second generation SPL process is to
use a reinforced material made of wire netting embedded in a resin (with a possible
added charge to try to minimise shrinkage). The principle of this process is depicted
in figure 9, and figure 10 is a photograph of an elementary object manufactured by
this technique.



370 J C Andre. S Corbel and J Y Jezequel

When the object is achicved, the un-irradiated resin is removed by a solvent, as
usual, and we get an object which is completely associated to the wire netting. The
netting external to the object is destroyed by chemical treatment such as its dissolution
by an acid or a base.

§. Other processes - technological application fields

This paper would become much too long if we described all the fields where a space
resolved light absorption could be used to manufacture 3D objects. We shall never-
theless mention several attempts which have already been partly investigated.

5.1 Information storaye and third generation SPL

The basic principle is the multiphonic absorption of light, either sequentially or
simultaneously. Even if this process has not yet found any application in laser
computer-aided design and manufacturing after the interesting research of the
Battelle Institute, it should be possible to use it - as it is already the case with the
photoablation processes (Andre 1991) to store information in 2D or even 3D.

5.2 Optical-component manufacture

One can focus a laser beam on 4 monomer to photopolymerize it and to manufacture
optical components that way: for example microlenses, lenses or optical fibres (Brulle
1992). As an exampie, figure 11 depicts a process to manufacture optical fibres by
space-resolved photopolymerization.

Mixture of monomer
and photoinitiator

Monomer without
photoinitiator

Laminar flow of the mixuure of
monomer and photoinitiator
centered inside the laminar flow of

without photoinitiator
T

G hv «€&——— Photopolymerization

Optical fiber made
<« of polymer

Figure 11, Mannfacture of polymer opuical fibres by the photopolymerization of a laminar
flow of monomer.
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5.3 SPL and microtechniques

A new market which needs the manufacture of micro-objects is coming up: micro-
motors, active microsystems, microresonators etc. Studies on photonic systems able
to manufacture active microobjects by SPL is of great interest because it opens up
the possibility of making them automatically, via collective processes. These studies
are far from completion but several technologies, based on the ones we described in
this paper or on others (Meermann 1992), have already provided very encouraging
results.

5.4 2D photography

The idea of combining the transformation of a material with its colouring, at least
on the surface of the object, should allow the manufacture of 3D photographs. Since
these studies are still under progress, we cannot describe thiem as yet.

6. Conclusions

Laser stereophotolithography is a recent technology which has been commercialized.
It has not yet realised its entire potential, even if we do visualize some of them. I it
is true that this technology will not probably take the place of all computer-aided
tooling techniques, it is also true that all its applications are not yet known. To know
them, it is necessary to undertake pluridisciplinary studies getting together photc-
chemists, specialists in material sciences, automatics, informatics and possible users.
This is a difficult but very stimulating activity, and we expect to persist in doing it.
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Purification of drinking water by irradiation. A review
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Abstract. The present review deals with the possibilities of water purification by UV-light.
solar energy in combination with catalysts {e.g. n-TiO, ), as well as by using ionizing radiation
(e.8. high energy electrons ot y-rays). The various methods are illustrated by typical examples
concerning the degradation of aliphatic and aromatic halogenated pollutants in water. Some
probable reaction mechanisms initiated by light or ionizing radiation are also given.

Keywords. Water purification; pollutants; degradation; photolysis: radiolysis.

1. Introduction

Water is the most important life factor for all living systems. As a consequence of
the rapid development of various industries, the application of fertilizer, pesticides
etc. in modern agriculture, the production and combustion of fossil fuels etc.. there
has been a strong overioading of water resources, On the other hand, the chlorination
of drinking water (containing humic substances) for the purpose of disinfection leads
to the formation of a number of toxic compounds (Rock 1974; Hutzinger ¢t al 1982;
Getofl 1986a), Hence, a subsequent purification of the water, e.g. by filtration through
activated carbon, is necessary.

Careful investigations by various laboratories in the recent years proved that
biological resistant pollutants in water can be decomposed by UV-light, solar energy
in the presence of special catalysts, e.g. n-TiQ,, and ionizing radiation. All these three
possibilities are later illustrated by examples and critically discussed. Based on the
present state-of-the-art a comparison between them is made with respect to their
technical application.

2. Photoinduced degradation of water pollutants

21 Using VUV- and UV-light

In the last decades, 8 number of papets have been published about the photoinduced
decomposition of water poliutants. Only some of them will be briefly mentioned in
the frame of this review, since further papers on nearly the same topics are also on
the programme,

Naturally, a direct photochemical degradation can be achisved only when the incident
light (vacuum-UVY-quanta: A < 200nm or UV-light: 4 > 200nm) is absorbed by the

m
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Figere 1. Absorption spectrum of water (Watanabe and Zelikoff 1953). Inset: Quantum
energy (eV/hv) and quantum yields (Q) of the primary products of water photolysis with
YUV-light at 1236, 147 and 1849nm. (A) Dainton and Fowles 1965b; (B) Getoll 1968b;
(C) Sokolov and Stein 1966; (D) Getoff and Schenck 1968.

pollutant in question. As sources for VUV.light, low pressure Hg-lamps emitting
simultaneously 4 = 184:9 nm (10%) and 253:7 nm (100%,) are mostly used. For UV-light
the same lamps were equipped with a Vycor-filter for absorption of the 184:9 nm-line,
as well as medium pressure Hg-lamps, emitting several lines in the range of 250 to
578 nm.

2.1a Water photolysis: Figure 1 shows the absorption spectrum of water as well
as the quantum yield (Q) of H, OH and e of the primary products of water photolysis
for three VUV-lines. The light at 123-6 and 147 nm can be produced by electrodeless
special lamps (Getoff 1968a; Getoff and Schenck 1968). The VUV-light at these two
wavelengths is at present of no practical interest, but is rather important with respect
tn the ozone chemistry in the upper atmosphere.

As can be seen from figure 1, the VUV-line at 1849 nm is absorbed by water and
hence it can be photolyticaily decomposed:

H,0 ~+H,;0*->H + OH, (1)
2H,0* -+ H,0 + H,0**, (super-excited molecules), (2)
H,0** = H,0" +e¢_, K]

H,0" +H;0-0H + H_. 4

The free radicals so produced, OH. H and e, (solvated electrons), can initiate the

decomposition reactions of water pollutants. In the presence of air, both H and o
are converted into peroxy-radicals.

H + O, ~HO,, (ky = 19 x 10'°dm* mol~'s 1)}, 5
e-_q+02—t0';_- (kg =2 x 10'°dm*mol~ s~ '), (6

HO,=H" + 0, (pK = 48)(Getoff and Prucha 1983, and
references therein), )]

HIf not otherwise specified, the constants used (k) are taken from Buxton et al (1988).
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The HO, specics are in general more reactive then the O3 ones. The absorbed energy
per quantum at 1849 nm is: E = 6:7 ¢V/hv, which was taken as basis for calculation
of the “photochemical”™ G-values® of: G (H.OH) = 492 and G , (¢, ) < 0-45at pH 7.

In the following the photoinduced decomposition of dickloromethane and retrachloro-
ethylene in aqueous solution as representatives of halogenated aliphatic pollutants
are briefly discussed.

2.1b  Dichloromethane:  This compound is studied in the presence of air in neutral
aqueous solutions as a model for the halogenated, simple aliphatic compounds (Getoff
1991, and references therein). Its major absorption lies in the VUV-range (see figure 2).
Hence, using VUV-light of 1849 nm, both processcs - dircct electronic excitation of
the substrate as well as photolysis of water -- take place simultancously. The yicld of
the photoinduced Cl-cleavage is determined as a function of the absorbed light encrgy
and is taken as an indicator of the decomposition process. This dependence is shown
in figure 2. It is obvious that upto a VUV-dose of about 3-9 x 10*hvy-ml ! the
formation of C1” ions is lincar with absorbed encrgy and later on tends to a suturation
value.

In addition to the photolysis of water (reactions (1) to (4)), a direct excitation of
CH,Cl, by the 1849 nm VUV-light also takes place:

CH,Cl, — »*CH, (1, —E("H(‘lz + H, (Xa)
CH,Cl+ T, (8h)
Cr+H,0-0OH+H'+Cl . (*h

The H-atoms are scavenged by O,, according to reaction (), resulting in HO, radicals
which are converted into O, species (see reactions (5) to (7). Both transients, CHC,
und CH,CI react with oxygen and the resulting peroxy-radicals subsequently leed

L0100
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Lom
U

L0080

QICl Y =4y
Lphfi 't ) 624

‘002

0 4 )’fmd“’ 200 220 240) nm

(hymt
Figure 2. (A} Photoinduced Cl-cleavags from agueous air-saturated 2 < 10 *mol-dm " *
CH,Cl, using 4,, = 1849 nm. {B) Absorption spectrum of 10 *mol-dm * CH, (], in wat
(pPH~ 7.

! G-value = number of formed or decomposed molecules per 100eV absorbed energy. For conversion o
Sl-units multiply the G.value by 0:10364 to obtain G(x) in umol-J="-. Initial G-value (G,) - yield before
the degradation of final product oceurs.
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to degradation of the pollutant (Getoff 1991):

CHCl, + 0, ~ 0, CHCI, » OH + OCCl,, (10)
CH,C1+0,-0,CH,Cl+0OH +CO+H* +Cl". (1)

Phosgene (OCCl,) is formed as an intermediate, but it is not stable in aqueous
solution and hydrolyzes (Asmus et al 1985; Getofl 1989b):

OCCl, + H,0~CO, + 2H* +2CI". (12)

It has been shown (Packer ¢t al 1980; Alfassi et al 1987) that by increasing the number
of halogen atoms in the molecule also, the reactivity of the peroxy radical is enhanced.
Therefore, it is expected that the O,CHCI, species are stronger in reacting with
organic compounds than O,CH,Cl:

0,CHCl, + CH,Cl, = CHCl, + CO, + 2H* +2CI-. (13)

The OH radicals from the water photolysis at 1849 nm (reactions (1) and (4)) as well
as thos= from reactions (9) to (11) can also react with CH,Cl,, whereas the H atoms
resulting from reactions (1) as well as € from reaction (3) are converted into O,
species (reactions (5) to (7)). Hence,

CH,Cl, + OH N{fncn, +H,0. (14u)
CH,Cl + CIOH, (14b)
k=09 x 10%dm*mol " 's ",

The two species. CHCI, and CH,Cl, are involved in the above reactions (10) and
(t1) followed by reactions (12) and (13). Finally, the peroxy radicals, O, and/or HO,
as well as H,0, also contribute to the decomposition process of the substrate, e.g.:

0, /HO, + CH,Cl, = HO; /H,0, + CHC(l,, (15)
H,0, + CH,Cl, - OH + CHCI, + H,0. (16)

OH and CHCI, radicals are consumed as discussed above. Based on the yield of
Cl™ ions the quantum yield, (@), as well as the “photochemical” G-value of the Cl~
ions were calculated and are given in figure 2 as an insert. The very high degradation
yield obtained is due to the chain reactions initiated by the OH radicals which are
generated in reactions (9) to (1 1) and then converted into CHC, and CH, Cl transients,
(14u) and (14b). The propagation reactions are (10), (11), (13), {14a) as well as (14b).

2.1¢  Tetrachloroethylene:  This pollutant has been chosen as representative of the
halogenated cthylenes. Its absorption spectrum with 4__ = 203 nm is shown in figure 3,
B. Obviously the 253-7 nm line makes a rather small contribution to the photoinduced
decomposition process. Using 2 x 10~ *mol-dm~3Cl,C=CCl, and a low pressure
Hg-Lamp (184-9 and 253-7 nm) it has been calculated that about 90%; of the VUV-light
is absorbed by the water. Hence, the primary products of the water photolysis initiate
the degradation process. The rest of the absorbed energy is consumed by the substrate,
leading to its decomposition (Getofl 1991).




Purification of drinking water by irradiation m

et

10%7{ A B ciece,
mol T Mgy F203m
de 6 10 -
g o j
| ;

IA

0%
3.
p) Q(ClM =158

; Gp/C17=235 :

200 220 240 260,
0 2 4 6 B8x10°hvml
Figore 3. {A} Photoinduced Cl-cleuvage of 2 x 10 *maldm * tetruchloroethylene in the

presence of air ut 307°C (pH ~ 6-d). (B) Absorption spectrum of 10 *mal-dm * C1,( = CCl,
in water (pH ~ 64): €, , = 9870dm*mol " 'em .

The formation of the Cl ions from tetrachloroethylene s a function of the absorbed
VUV-dose (1849 nm) is presented in figure 3JA. In this case also. chain reactions are
operative, similar to the above described for the CH, Cl,-system. leading to a very
high Q- and G, -yields (sce figure 3). As decomposition products, in addition to €1°
ions, small amounts of aldehydes, formic and oxalic acids were detected. However,
these substances are also decomposed at higher VUV-doses.

1t should be mentioned that the photoinduced degradation of various halogenated
substances ¢.g. of trihalomethanes is investigated by various authors (¢.g. Nicole ef of
1991, and references therein),

2.2 Photoinduced formation of e, as promotor for pollutant degradation

The solvated clectrons (e, ) represent the basic form of the reducing primary species
of water photolysis. In acid solution they can be transformed into H-atoms and vice-
versa in alkaline media:

e HHy = H (k=23 x10"dm mol 's "), (17)
H4+O0H, —e th =25 x10"dm*mol 's ). (18)

Both, H und ¢,, are strong reducing transicnts and in the presence of air thc are
converted into peroxy radicals, (5) to (7). Each of their forms (H. ¢, HO,, O, )can
initiate the degradation of pollutants. The €,, cun originatc by p“\olocxcnauon of
certain inorganic or organic substances in aqueous solution. Hence. for completencss
their photoinduced lormation is mentioned very briefly.

220 Formation of ¢y from inorganic ions: Some photoexcited inorganic ions can
lead to the formation of e . It has been found for the first time that Fe?' can be
oxidized by illumination to Fc"‘ by cjection of e (Getoff et al 1960; Getoff 1962).
The same observation has been made for halide i |ons {e.g. Jortner et al 1962) and for
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Table 1. Quantum yield {Q) of photainduced e, formation from some inorganic and organic
compounds in aqueous solution.

Energy
Substrate 2,,.[nm] {eV/hv] Qel) References
OH" 1849 67 (12 8]
Br- 1849 67 04 Dainton and Fowles (1963a)
Cl 184-9 67 0-43
S()j 1849 67 07
Fel' 2537 49 007 } Airey and Dainton (1966)
FelCN)Y 2537 49 0-66
FelCN)} 214 to 228 579 ta 54 ~09 Shirom and Stein (1971
e?’ 192 1o 34 421039 00038 Solar und Getoff (1979
C H,OH 2537 49 003 } Zechner et al (1976)
CoH.OH 2288 54 0-06
¢, H,O 2538 49 017 Grabner ¢t al (1977)
C,H.O 2288 54 027 Geteff (198%a)
C.H(NH, 2767 43 006
C.HNH, 2837 49 027 Kdahler er al (1977)
C,HyNH, 2288 54 024
CyH,NH, 2139 58 034 Getoll (1989)
(‘,H,OPOi ) 2537 49 0028 Getoll and Solar (1974)
CyH,0POY" 239 58 023 Kohler and Getoff (1978)

other inorganic ions (Mathcson et al 1963; Dainton and Fowles 1965b), e.g..

Fel! —s(Fel )* 2 Fel' +e., 19)

al,, o (Cl )= Cl+ Cogs (20)
C,, + i, (21)
§0Z,, —+(507,,)* =S80, +e,.. (22)
OH™ - »(OH" }* > OH +¢,. 23)

The quantum yields (Q) of the photoinduced ¢, resulting from some inorganic ions
are given in table 1.
2.2b  Photoejection of ¢, from organic compounds: It has been established that
photoinduced electron ejection and formation of e, from certain electronically excited
organic substances in aqueous solution, having substitutents such as -~ OH, - O ",
—~OCH,, -OPO,H;. -OPOyH", —COO", ~NH;, —NHCH;, — N(CH,),
etc., can take place (Grossweiner et al 1963; Getofl 1989a, and references therein).
The ¢jection of electrons occurs from the singlet state (S, or §,), where the energy
input is much lower than the ionization potential of a given compound in its gas
phase. To explain this process. therefore, it is suggested that the dipole-dipole
interaction between the polarized excited substrate molecules and the surrounding
water molecules as well as the solvation energy of the resulting charged species
contribute energetically and enuble e, formation (Getofl 1989a).
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The formation of e,_ is also observed by illumination of dyes in aqueous solution,
¢.g. methylene bluc (Vonach and Getoff 1983), a number of flavins (Getoft et al 1978),
aromatic amines (Kohler et al 1977) etc.

The Q (¢, )-value strongly depends on several factors: excitation energy (see table 1),
the uructure of the substrate molecule as well as on thc pH and temperature of the
solution (Getoff 1989a, and references therein). It has also been established that the
formation of ¢ takes place at the expense of the fluorescence (K6hler and Getoff
1974, 1976; Zechner et al 1976, 1981; Grubner et al *77, 1980). This proves that the
electron photoejection process occurs from the singlet state.

2.3 Photoinduced decomposition of phenol

Phenol 15 frequently observed as a pollutant in water. Its phoetoinduced degradution
has been investigated in the presence of oxygen and small amounts of ozone (Geloff
1987). The reactivity of ozone with olefinic and aromatic compounds (without
irradiation) can be designated as an electrophilic addition to the double-bond of the
molecule (e.g. Biihler et ol 1984, Sehested et al 1984, Hoigne 1985, Getofl 1989b, 1992,
Gehringer er ul 1992, and references therein).

As alrcady mentioned above, the electronically excited aqueous phenol leads to
the formation of e~ - in addition to other processes (Grosswuncr et ul 1963; Jortner
et al 1963; Grabner et al 1977, 1980; Getoff 1989b) ¢.

CoH,OH —~*C H,OH —— photophysical processcs, {2da)
ep + H) + CoH, O, (24b)
H +C,H,O0. (24¢)

The qr.ntum yields (Q) of the primary products (e, resulting from §, - and § ,-states
are given in table 1. As already mentioned, in the presence of air ¢ is converted

€ <5900 arPmak e’
L 1500 dn? rodt e’

rJ

0 G{-PhOH=002
Gyl -PhOH =040
e Coge

0 2 4 6 éx“dB hymt™

Figured, Photoinduced degradation (%) of aqueous 10 “mol-dm * phenol in the presence
of 1:225 x 10" *mol-dm 3 O, and 11 x 10" *mol-dm~* O, (pH = 7:5) as u function of the
absorbed UV-dose (4 = 253-7nm). Inset: abrorption spectrum of 10~ *mal-dm " * phenal.
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into peroxy radicals {see reactions (5) to (7)), which are subsequently involved in the
decomoposition process.

The photoinduced degradation of phenol using UV-light (253:7 nm) in the presence
of oxygen and small concentrations of ozone in neutral solutions is shown in figure 4.
The achieved Q- and G -values, as well as the absorption spectrum of phenol are
given as inserts in figure 4.

The major reaction steps leading to the decomposition of phenol may start with
the formation of phenoxyl radicals (reactions (24b) and (24c¢)), which exist in several
resonance structures.

0 [¢] Q
@ —_— © === O = @ (25)

Each of them can result in different final products or add on oxygen as shown below.,

0 [o] [0} OH OH
+2H
2 I - 26
© (enolization) ©_© (26}
(dimerization)

{2.2' - biphenol)

Naturally. the above-mentioned peroxy radicals can also attack phenol and initiate
its decomposition. [n addition to this, each of the resonance structures can be scavenged
by O, as follows.

[] O O
- — I, +o
©1+ > On m‘(’“ *- Products (27)
T 100" f‘o
R

In the presence of sufficient oxygen in the solution. the pathway (27) will proceed
preferentially, however, the exact reaction mechanism of the photoinduced phenol
decomposition is not yet known. The yield and the kind of the products depend on
the applied UV-dose, pH and the oxygen concentration. As final products of an
incomplete degradation of the substrate, the following compounds were observed
{Getofl 1987),

0

2, 27~ COOH ﬁucoon TOOH HCOOH und CO,
(c,\m Q, COOH  CHCOOH  COOH
H
Mucon Mucoalc Mabec Onalic Formic
aldehyde acld ackd scid scid

It might be mentioned that in addition to the OH, H and ¢ resulting in the
VUV-water photolysis, the triplet state of the pollutant as well as the singlet oxvgen
('O;) can be involved in the photochemical decomposition process in the presence
of air.
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3. Semiconductor-promoted pollutant degradation using solar energy

3.1 General remarks

Since the discovery by Fujishima and Honda (1971) of water splitting to H, and O,
using solar energy by means of an n-TiO,-photoanode and metal cathode, separated
by a membrane, a new pathway for research in photochemistry and photoelectro-
chemistry was found (Getoff et al 1977, Hantala et al 1979, etc)). The n-type semi-
conductors (e.g. TiO,, SrTiO,, GaAs etc.) have an excess of electrons (¢ ~ ) and, hence,
are used as photoanodes or as suspensions (e.g. 1zumi et al 1980, Vonach and Getoff
1981) or colloids (Hsiao et al 1983, Ahmed and Ollis 1984, Ollis 1985, 1990, Matthews
1985, 1988, Okamoto et al 1985, Al-Ekabi and Serpone 1988, Grabner ¢t al 1991 etc.)
for promoting the oxidation reaction. The p-type semiconductors (CdTe, GaP etc.)
possess positive holes (p*) in excess and serve as photocathodes in photoclectro-
chemical cells or for instance in the form of small particles and act as reduction
photocatalysts (Bart 1979, Schiavello 1988, and references therein). Semiconductors
can be also coated on glass (Dislich 1984) or on other carrier materials.

The application of semiconductors for photocatalyzed oxidation of aqueous pollutants
is very recently discussed in an excellent review by Halmann (1992). Further. it might
be mentioned that many papers dealing with TiO, photocatalytic purification and
treatment of polluted water are presented at the Ist International Conference in
London, Canada (Al-Ekabi et al 1992).

On illuminating a TiO, particle immersed in aqueous media with light of 315 10
450 nm, band-bending takes place and clectrons rise from the valence band (E,) o
the conductivity band (E,) and, hence, a charge separation takes place (sce figure §).
Based on this fact, each individual particle represents a redox-system and cun promote
reduction or oxidation processes depending on the experimental conditions. Each
semiconductor has a characteristic band-gap (in eV; 1 eV = 23 keal/mol), e.g. for TiO,.
E; =3eV. Knowing tie wavelength (4 in nm) of the light, one can calcalate the
energy per quantum: (E in eV/hv) and vice versa,

E =[1240/A(nm)](eV,hv) (2%)

The relative energy levels for some semiconductors are shown in figure 6. Silicon has
the lowest energy-gap (E,; = 11 ¢eV) but is not stable in agueous solution.

—

valenoe hand

conduchivity band
Fernn band

- hand.gap (eV)

4

e

Figure 8. Simplified scheme of the en-rgy wvels of an illuminated n-type semiconductor
particle.
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Figure 6. Relative encrgy levels (£, in eV) of some semiconductors (after Nozik 1980).

@@

NaVals :
oy (
p
@1 \ - - (RAC1
.3 .- T L
e N
H, 0 )
hy o HY) —-eH
NaVaus ; y .
S\, o A

(/bH OH t . .<—> -
| D @)

ColtyUHOH :
Preducts
pK - 48

Figere 7. S me rassible photainduced processes on the surface of TiQ), particles in polluted
water.

3.2 Primary processes on semiconductor surfaces

The photoinduced degradation of pollutants on the surface of eg. TiIO; is not a
simple process. In order to visualize the possible redox-reactions, a simplified scheme
is presented in figure 7. The illuminated part of the TiO,-particle absorbs the light-
energy in 10 '°s and the electrons are moved from the E, to the £ (shadow side of
the particle) bunds. As a consequence of this charge separation, the illuminated part
(positively charged holes, h* ) is able to decompose the adsorbed H, O molecules to
OH radicals and H*® ions. Also, an ¢ can be transferred from a pollutant (having
a suitable redox-potential) to h* of the TiO, particle (sce figure 7). On the other
hand, the ¢ can be also transferred to adsorbed H ', O, or the chlorinated potlutant
initiating various reactions. It cannot be ruled out that some electrons can diffuse
away from the TiO; surface and become “solvated electrons™ (¢, ) as demonstrated
by Walker 11967) on anode surfaces.
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3.3 Photocatalytic degradation of pollutants

For illustration of photocatalytic degradation, some major reactions taking place on
the TiO, surface in slightly acidic solution, are presented.

TiQ,; =»TiO; +e”. (29)

On the illuminated side of TiO, particles (figure 7) a number of reactions can take place:

TiO; +H,0-TiO, + OH_, +H*, (30)
20H -H,0,, (31
OH + H,0,~H,0 + HO,. 32)

In the presence of a pollutant, e.g. 4-Cl-phenol, similar reactions can take place as
studied by pulse radiolysis (Getofl and Solar 1988) as below.

H
+ OHy —7—» éoﬂ (adducts on (33a)
o,m,p and ipun-
a a positions)
0‘
——— + B0 (33b)
Cl
2((Hon T Prodvem (34a)

Q H H oR
L o @ + é{ (34b)
a 1

In cempetition with these processes, O, can be scavenged as below resulting in
peroxy-radicais.

H L]
.gll C‘o
. “H
OR * Oy—= s b + H0, ——= 0, *H0 *+ cx0 (35)
0o0* |
a a

As a consequence of further OH attack and addition of oxygen, the resulting dialdehyde
(35) can be decomposed 10 CO, and H, O (see also reactions (25) to (27)).

Another pathway for CIC,H,OH degradation is the formation of a ra-lical cation
on the surface of TiO, particles as indicated in figure 7 which can react t. rther.

A OH gﬂ
@ cwo —ew I+ o (T =

H
a Cl " Qa (36)
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On the shadow side of the TiO,-particles (sec figure 7) in slightly acid media some
reactions can be initiated by the electrons in the presence of oxygen:

e"+H"-H,. {37
Hudn+02—'H02 ads® (38)

and from (7)
HO,=H" + O, (pK = 48).

The HO, and O}, species can attack the water pollutants in the same way as the
OH radicals followed by O, addition (see reaction (35)).

As mentioned above, a number of papers have been published in recent years in
the field of pollutant degradation assisted by semiconductors. Figure 8 shows some
data concerning the oxidation rates of some pollutants in water (Mathews 1988),
TiO, (Degussa, P25 grade) was coated on the inside of a 7-m long 65-turn spiral of
borosilicate glass (236 mm, 40 ml solution was circulated through the spiral) illuminated
with a 20-W lamp.

It has been also found that the TiO,-assisted photodecomposition of 4-Ci-phenol
is temperature-dependent (Hofstadler er al 1992). By studying the kinetics of the
laser-induced phenol oxidation, it was observed that the CI,” species essentially
contribute to the process (Grabner et al 1991; Li et al 1991). Further, it should be
mentioned that TiO, particles or colloids can also mediate the transformation of CO
(Park er al 1988) as well as CO, (Halmann 1978) into simple organic substances: In
the absence of oxygen in the solution, the polymerisation of pollutants can also take
place on the semiconductor surface.

With respect to photocatalytic water purification, there are still a number of problems
to be solved. Although sunlight is free of cost and is readily available in many parts
of the world, its intensity is rather low and it has to be collected and concentrated
by appropriate means for the purpose of water purification on a techn'cal scale.

C
N

dmlmin

0 0 " w e 8
Subsirde mgom

Figure 8. CO, rates observed by TiO; oxidation of various substrates as a function of

their initial concentrations: (A) 4-Cl-phenol, (B) phenol, (C) acetic acid, and (D) 2-propanol

(after Matthews 1988).
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Further problems which have to be overcome are:

- to increase the low quantum yield of photocatalytic pollutant degradation.

- to improve the corrosion resistance and to reduce inhibition by poisoning of the
semiconductor,

- the solvation of peculiar features of semiconductor coating on various support
materials,

- lowering of the costs for semiconductor regeneration, water pumping etc.

Therefore, further investigations in this area are needed.

4. Pcllutant decompaosition by ionizing radiation
4.1  General remarks

In the lust two decades, a relatively large number of papers have been published
concerning radiolytic degradation of harmful substances in water. Hence, only some
characteristic data for comparison with the above discussed photochemical methoas
will be presented. Gamma-rays as well as high-energy electrons can be used for
production of reactive transients {rom water which can initiate the desired decom-
position processes, Preference is given to high-energy electrons for several reasons:
no manipulation with radioactive isotopes (e.g. **Co) or their disposal required. easy
regulation of the output power and simple handling in case of repair work as well
ete. The modern electron accelerators (EA-machines! provide electrons with variable

200
Curve MeV
D A !
(%) B 3
C 6
D []
150 - E 10
100
50 1

Pcueu-um Dmh n water (cm)

Figure 9. Depth-dose (D ¥,) distribution in water at different electron energies.
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energy (e.g. from 05 to 2:8 MeV) and a rather high output power (80 to 100 kW) with
a conversion factor (7 = electron po-ver/electricity power) of aboui 80%,. EA-machines
delivering electrons with energies of 4-5-5 (output power >400kW) or 10MeV
(25--50 kW) can be also used for water purification. The electron penetration in water
depends on their energy. Figure 9 shows the depth dose distribution (D in %) in
water for different electron cnergies (in MeV). The depth dose of the applied electrons
and the output power (kW) of the EA-machine are determining factors for the quantity
of purified water.

4.2  Water radiolysis

As a consequence of the interaction between the ionizing radiation and water, several
transicnts and molecular products are formed. Their yields (G-values) and major

Table 2. Radiolysis of water and some primary reactions.

Frimary reactions:
H,0-++H,0*=H+ OH
H,0" +¢°
Gross reacrion of water radiol;sis (the G-values* @ pH 7 are given in brachetsy:
H 0 --»e . H OH H, H,0,.H'.OH_
12D10-6281 045 (07} (32) (0-5)

Muajor pronar v reactions:

H+H—-H, tk=1x10"dm*mol " 's™ ")
H+OH-H,0 k=25 = 10"dm mol "'s ")
H+e, —H, +OH] (k=2x10"dm’mol"’5" ")
OH + OH = H,0, th=6x 10%dm>mol ‘s
OH +e, ~OH (k=25x10"dm'mol 's ")
et —<H,+ 20"-« (k= 1x10%dm*mol 's ")
Cat H.‘“—'H (k=23 10"dm*mol s 1)
H+ ()H“ e, (k=25 x t07dm*mol 's "y
OH=H_ + 0O, tpK = t19)

H,0,=H} +HO,, (pK = 11 6%)

Scavenger reactions.

N,O+e ~OH+OH N, th =09 x 10"dm*mol “'s )
0, +e‘q-;01 tk=2x10"% m*mal 's )
0,+H=HO, th=19x 10dm*mol 's "
HO,=H" + 0O, (pK = 48)

-C,H,OH +OH H,0 4+ .C H,OH tk=55x10%dm ' mol 's™ ")

* G-value = number of changed molecules per 100V (100 x 107 ' 7)) absorbed energy.
For conversion in Sl-umits: multiply the G-value by 0-10364 to obtain G(x) in
umol-J ',
Absorbed duse unus:

trad = 100erg/g H,0; 10°rad = | Mrad = 1ULGy;
10%rad = 1 Gray (1 Gy) = 1 J/kg H, O 108Gy = | MGy = 1 kWs/gH,0:
10%rad = 10Gy = 6:24 x 10'%¢V/g H, 0.
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primary reactions are summarized in table 2. The common units for absorbed
radiation dose are also given for convenience.

As shown above, in the presence of air (0:25 x 10" 3mol:dm~* O, at 20°C) both
¢,, and H atoms are converted into peroxy radicals which, together with the OH
species, attack the available pollutants and initiate their degradation.

4.3 Decomposition of chlorinated hydrocarbons

Chlorinated hydrocarbons have been studied extensively by various research groups
(e.g. Balkas et al 1970, 1971, Késter and Asmus 1971, Neumann-Spallart and Getoff
1979, Pikaev and Shubin 1984, Gehringer et al 1985, 1986, 1988, 1990, 1992, Getoff
and Lutz 1985, Monig et al 1985, Getoff 1986, 1989-1991, Proksch et al 1988, Draper
et al 1989, etc), Some data concerning radiation-induced degradation of several
chlorinated aliphatic and olefinic hydrocarbons are presented in table 3 (Getoff 1989b),
These pollutants frequency appear in drinking water. Obviously, their complete
decomposition is achieved at a relatively low dose. In aerated water containing olefins
or aromatic pollutants, the presence of ozone strongly enhances the degradation prowess
(Masschelein 1982, Rice and Netzer 1984, Gehringer ¢t al 1992, Getoff 1992 etc.).
The lollowing major reaction can explain the ozone effect:

/\
Ci=cHCl + 0 ——-(‘l;(“—(l'll(‘l —_— cl,(lf (l‘ll(‘l {39a)
0o 0—0
N/
0
A on (lm
(‘l,(" <|*nm Al [ 1Y+ S n,(l' ('m-. e 1,0, + CIHCO + CHCO
0—0 0—0 (39b)

Table 3. Radiation induced decomposition of some chlorinated hydrovarbons in serated
water®. Applied dose: 19kGy.

Pollutants in water/p-dm *

Sample Treat-

No. ment!  CH,Cl, CHCY, CCl,  CLC-CH, CLCCHC  CLC CCl,
{ ! -- n . 07 -

l . nd - nd -
2 U 25 02 -

1 nd

3 §) 48 107 1-1

! nd 0N nd
4 U 23 2:3 11 (2

I nd nd 01 nd -
5 U - 25 0-2 45 36! 02

I - nd nd nd nd nd

*U-unirradiated; l-irradiated; * the GC-analysis was petformed by Dr U Bauer. Traceable limit:
<01 ugdm=?*

Abbrevlations: nd = non-detectable; Cl,C-CH, = ],1,1-trichloroethane; CH,Cl, = dichloromethane;
C1,C=CHCI = trichioroethylene; CHCI, = chloroform; Cl,C=CCl, = tetrachloroethylene; CCl, = carbon.
tetrachloride.
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CIHCO + H,0 - HCOOH + CI° + H* (40)
occl, + HO - CO, + 20" + 2H 4y

These reactions can also occur without irradiation. They take place in the case of
aromatic pollutants likewise.

44  Decomposition of aromatic substances

Steady state as well as pulse radiolysis studies of various aromatic pollutants in water
have been published (e.g. Schuler et al 1976, Getoff and Solar 1986, 1988, Draper
et al 1989, Getoff 1990b, 1992, Nickelsen et al 1992 etc.). For comparison with the
above discussed photochemical methods, radiation-induced phenol decomposition is
discussed in brief. As shown in figure 10, at a dose of about 1:2kGy in the presence
of oxygen the initial phenol is practically decomposed. However, due to competition
reactions certain amounts of pyrocatechol, hydroquinone and hydroxyhydroquinone
are formed. The initial G-values (G,) are given as an insert in figure 10 (Getoll 1986b).
At higher doses these compounds and the resulting aldehydes and acids are
decomposed to CO, and H;O. The major reactions taking place in this case are
given below, (42)to (50) In addition to these, reactions (25)to (27) are also involved.

H
CHOH + OH —e — O+ H0 (-T0%) (42)
OH

(OH - adducts on o-, m,- (L] 0o
P - and Ipsa - positions) (k= L4x10 " dm’ wmol' ')

OH
:c’,u,omom—o HyO + CGHOH + @ (~ 30%) 43)
OH
100 G, (PhOH) = 3.1
(%) G, (PyCa) =09
G HQ =06

G, (HyHQ) = 0.08

Sy =

0 " o5 1 koey

Figure 10. Decomposition of 10 “mol-dm 4 phenol (A) in the presence of 1-25 x 10~ *mol:
dm™? O,. as well as formation of pyrocatecho! (a), hydroquinone (b) and hydroxyhydro-
quinone (¢} as a function of the absorbed dose at pH 7; dose rate: 3kGy/h. Insert: [nitial
G-values (G,) of phenol decomposition and of the major products.
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OH gfl OH
S o= OO
H OH

H
(pyroeatechol)
[s)
<y
o * HO (45)
C‘
;|
(mucondiaidehyde)
on H B
g + 0 —= 0 — + HOp (46)
n
H "OH H""OH OH
(hydroquinons)
H OH B H
OH OH oM
+O0H —= J B+, — g. —_— + 103
2
H H (47)
OH O OH OH
(hydroxyhydro-
quinone)
H H o H
" oH ¢ + OH Ry
H cl CZOH COOH
. H +q, — H - +on 48
o COOH coon COOH
ON OH OH on
oH OH OH ™ COOH
0. °
@ + Hd, — ooH * 01—~ ozou - C'o +HO, 49)
H H “H

Based on the above data, it is now calculated that for a 50% decomposition of
10"*mol.dm~* phenol by UV-light (4 =254nm, E=485¢V/hv), an energy of
1-56 kGy is needed. Using y-rays or electrons in order to achieve the same decomposition
degree, an energy of 0:2kGy is necessary. Obviously, the ionizing radiation is much
more efficient than the UV-light in this case.

Finally, it should be mentioned that by means of pulse radiolysis of pollutant
transients, their absorption spectra and the kinetics of their formation and decay, in
addition to their chemical analysis, we can essentially elucidate their reaction
mechanisms.

5. Conclusion

An attempt has been made to investigatc the photochemical, photocatalytic and
radiation-induced decomposition of pollutants in water. Special attention has been
made to explain the primary processes initiating their degradation. On the other
hand, a relationship is also established between the above-mentioned three pathways.
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Although a great deal of rescarch work has been done concerning the degradation
of water pollutants, further experiments are needed on a pilot scale in order to gain
technical experience for construction of industrial plants for water purification.

Acknowledgements

The author would like to express his thanks to the Austrian Federal Ministry for
Science and Research, the Fonds zur Firderung der wissenschaftlichen Forschuag,
and the Jubiliumsfonds of the Austrian National Bank for their financial suppert.

References

Ahmed S and Ollis D F 1984 Sol. Energy 32 597

Airey P L and Dainton ¥ 8 1966 Proc. R. Soc. London A291 340

Al-Ekabi H, de Mayo P and Ollis D (eds) 1992 Abstr. Ist Intern. Conf. on TiO, photocatalytic purification
and treatment of water and air, London, Ontario

Al-Fkabi H and Setpone N 1988 J. Phys, Chem. 92 572b

Alfassi Z B, Mosseri § and Neta P 1987 J. Phys. Chem. 91 3382

Asmus K -D, Bahnemann D, Krichler K, Lal M and Monig J 1985 Life Chem. 3 |

Bulkas T, Fendler J H and Schuler R H 1970 J. Phys. Chem. 26 4497

Balkas T, Fendler J H and Schuler R H 1971 J. Phys. Chem. 26 445

Bart A J 1979 Photochemisiry 10 59

Bihler R E, Stachelin J and Hoigne J 1984 J. Phys. Chem. 88 2560

Buxton G, Greenstock, Helman W P and Ross A B 1988 J. Phys. Chem. Reference Data, 17 513-886

Dainton F S and Fowles P 1965a Proc. R. Chem. Soc. London A284 312

Dainton F S and Fowles P 1965b Proc. R. Chem. Scc, London A287 295

Dislich H 1984 Glass Sci. Technol. 2 175

Draper R B, Fow M A, Pelizetti E and Serpone N 1989 J. Phps. Chem. 93 1938

Fujishima A and Honda K 1971 Bull. Chem. Soc. Jpn. 44 1148

Gehringer P, Proksch E. Eschweiler H and Sinovatz W 1990 Radiat. Phvs. Chem. 38 456

Gehringer P, Proksch E. Eschweiler H and Sinovatz W 1992 Appl. Radiat. 1sor. 43 1107

Gehringer P, Proksch I and Sinovatz W 1985 Inmt. J. Appl. Radiat Isot. 4 113

Gehringer P, Proksch E. Sinovatz W and Eschweiler H 1986 Z. Wasser dbwasser Forsch. 19 (94

Gehringer P, Proksch E, Sinovats W and Eschweiler H 1988 Appl. Radiat. 1sot. 39 1227

Getoff N 1962 Z. Naturforsch. 17b 87

Getoff N 1968a In Radiation Chemistry and its Applications (Vienna: 1AEA) p. 172

Getoll N 1968b Monatsh. Chem. 93 136

Getoff N 1986a Water Res. 20 1261

Getoff N 1986b Appl. Radiat. Isnt. 37 1103

Getoff N 1987 AECL Accelerator Systems, Report, Deep River, Ontario

Getoff N 1989a Radiat. Phys. Chem. 34 711

Getoff N 1989b Appl. Radiat. Isct. 40 $8S5

Getoff N 1990a (unpublished results)

Getoff N 1990b Radiat. Phys. Chem. 38 432

Getoff N 1991 Radiat. Phys. Chem. 37 673

GetofT N 1992 In Applications of isotopes and radiation (n conservation of the environment (Vienna: 1AEA)
p. 153

Getofl N, Hartig K J, Kittel G, Peschek G A and Solar S 1977 Wasserstoff als Energletrdger, Herstellung.
Lagerung, Transport (in German) (Wien, New York: Springer)

Getoff N and Lutz W 1985 Radiat. Phys. Chem. 28 21

Getolf N and Prucha M 1983 2. Naturfosch. A8 589

Getoff N anc Schenck G O 1968 Photochem. Photobiol. 8 167

Giatoll N. Scholes G and Weiss J J 1960 Tetrahedron Letr. 17

Getoff N and Solar S 1974 Monatsh. Chem. 108 241 L




Purification of drinking water by irradiation 391

Getofl N and Solar S 1986 Radiat. Phys. Chem. 28 443

Getofl N and Solar S 1988 Radiar. Phys. Chem. 31 121

Getoff N, Solar S and McCormick 1978 Science 201 616

Grabner G, Kbhler G, Zechner J and Getoff N 1977 Photochem. Photobiol. 26 449

Grabner G, Kbhler G, Zechner J and Getoff N 1980 J. Phys. Chem. 84 3000

Grabner G, Li G, Quint R M. Quint R and Getoff N 1991 J. Chem. Soc., Faraday Trans. 87 1097

Grossweiner L I, Swenson G W and Zwicker E F 1963 Science 141 805

Halmann M 1978 Nature (London) 278 115

Halmann M 1992 In Progress in photochemistry and photophysics (ed) J F Rabek (Boca Raton, FL:
CRC Press) vol. §

Hantala R R, King X B and Kutal C (eds) 1979 Solar energy ~ chemical conversion and storage (Clifton,
NJ: Humana)

Hofstadler K, Ruppert G, Bauer R, Heisler G and Novalic 8§ 1992 (to be published)

Hoigne J 1985 In Radiation for a clean environment (Vienna: IAEA) p. 219

Hsiao G .Y, Lee C, Li and Ollia D F 1983 J. Catal. 82 418

Hutzinger O et al (eds) 1982 Chlorinated dioxines and related compounds. Impact on the environment {Oxford:
Petgamon)

[zumi I. Dunn W W, Wilbourn K O, Fan F, Ren F and Bard A J 1980 J. Phys. Chem. $4 3207

Jortner J, Ottolenghi M and Stein G 1962 J. Phys. Chem. 66 2037

Jortner 3, Ottolenghi M and Stein G 1963 J. Am, Chem. Soc. 88 2712

Kdhler G and Getoff N 1974 Chem. Phys. Lett, 26 525

Kéhier G and Getoff N 1976 J. Chem. Soc.. Faraday Trans. 1 7 2101

Kdéhler G and Getoff N 1978 J. Chem. Soc., Faraday Trans. 1 74 1029

Kohler G, Rosicky C and Getoff N 1977 In Excited states in organic chemistry and biochemistry (eds)
B Pullman and N Goldblum (Dordrecht: D Reidel) pp. 303-311

Koster K and Asmus K-D 1971 Z. Natwrforsch. B26 1108

Li G, Grabner G, Quint R M, Quint R and Getoff N 1991 Proc. Indian Acad. Sci. (Chem. Sci)) 103 505

Masschelein W J ed. 1982 Ozonization manual for water and wastewater treatment (Chichester: ] Wiley & Son)

Matheson M, Mulac W A and Rabani J 1963 J. Phys. Chem. 67 2613

Matthews R W 1985 Sun World 9 3

Matthews R W 1988 J. Catal. 111 264

Monig J, Gobl M and Asmus K-D 1988 J. Chem. Soc., Perkin Trans. 2 647

Neumann-Spallart M and Getoff N 1979 Radiat. Phys. Chem. 13 101

Nickelsen M G, Cooper W J, Kurucz C N and Walte I D 1992 Environ. Sci. Technol. 26 144

Nicole I, DeLaat J, Dore M, Dugnet J P and Suty H 1991 Environ. Technol. 12 2)

Nozik A J 1980 Annu, Rev. Phys. Chem. A298 433

Okamoto K, Yamamoto Y, Tanaka H, Tanaka M and Itaya A 1985 Bull. Chem. Soc. (Japan) 58 2015

Ollis D ¥ 1985 Environ, Sci. Technol, 19 480

Ollis D F 1990 Solar-assisted photocatalysis for water purification. Proceeding 8th Int. Solar Energy
Conversion Conference, Palermo, ltaly

Packer J E, Willson R L, Bahnemann D and Asmus K -D 1980 J. Chem. Soc. Perkin Truns. 11 296

Park H -R, Li G and Getoff N 1988 Z. Naturforsch. A43 1126

Pikaev A K and Shubin V N 1984 Radiat. Phys. Chem. 24 77

Proksch E, Gehringer P, Sinovatz W and Eschweiler H 1988 Appl. Radiat. Isot. 39 1227

Rice R G and Netzer A (eds) 1984 Handbook of ozone technology and application (Boston: Butterworth)

Rock J N 1974 Water Treatm. Exam, 23 234

Schiavello M (ed) 1988 Photocatalysis and environment. Trends and applications (Dordrecht: Kluwer)

Schuler R H, Neta P, Zemet H and Feasenden R W 1976 J Am. Chem. Soc. 98 3825

Sehested K, Holcman J, Bejergbakke E and Hart E 1984 J. Phys. Chem. 88 4144

Shirom M and Stein G 197t J. Chem. Phys. 88 3372

Sokolov U and Stein G 1966 J. Chem. Phys. 44 3329

Solar 8 and Getoff N 1979 Int. Hydrogen Energy 4 403

Yonach T and Getoff N 1983 J. Photochem. 23 233

Vonach W and Getoff N 1981 Z. Naturforsch. A6 876

Walker D C 1967 Can. J. Chem. 48 807

Watanabe K and Zelikoff M 1953 J. Opt. Soc. Am. 43 753

Zechner J, Kohier G, Getoff N, Tatischeff I and Klein R 1981 Photochem, Photobiol. 34 163

Zechner J, Kéhler G, Grabner G and Getoff N 1976 Chem. Phys. Lett 37 297




Proc. Indian Acad. Sci. (Chem. Sci.), Vol. 105, No. 6, December 1993, pp. 393-397.
@ Printed in India.

Heterogeneous and homogeneous photoassisted wastewater treatment
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!Institute of Physical Chemistry, Technical University of Vienna, Getreidemarkt 9, A -1060
Wien, Austria
IAustrian Energy and Environment, SGP/Waagner-Bir6 GmbH. Siemensstr. 89, A -1210
Wien, Austria

Abstract. Photochemical degradation of 4-chlorophenol (4-CP) as a model wastewaler
contaminant with three methods: UV/TiO,, UV/H,0, and UV/TiO,/H, 0, (/. > 310nm)
has been investigated und compared to the dark Fenton reaction and to direct photolysis.
A UV.itradiated combination of TiO, and H, 0, was found to be the most effective de-
gradation method for TOC (total organic carbon). 4.CP was degraded most rapidly by
the dark Fenton reaction. In the heterogeneous process on illuminated TiO; without H;0,,
only small amounts of by-products were formed during irradiation in contrast 1o homogencous
processes where H,0, was involved. During UV/H, 0, and Fenton experiments, coloured
by-products appeared during irradiation and degradation rates of 4-CP and TOC showed
strong differences beiween homogeneous and heterogeneous processes.

Keywords, Wastewater treatment; photooxidation; hydroxyl radicals; titanium dioxide;
Fenton reaction.

1. Introduction

Chemical oxidation of organic contaminants in wastewater is an effective method to
remove pollutants without further environmental problems. In contrast to other
wastewater treatment methods, e.g. adsorption on activated granular carbon or air
stripping, the contaminants are couverted to harmless materials such as carbon
dioxide and inorganic salts. Various processes suggested for oxidation of organic
compounds are UV-photolysis in the presence of H;O, [(1)] or ozone, photolysis
on UV-irradiated TiO,, (3) + (4), and on the system Fe?*/H,0, (Fenton reaction,
{2) The active species in all photochemical processes is the hydroxyl radical (Haag
and Yao 1992), a strong oxidant with an oxidation potential of 2:8 V. It is generated,
¢.8., by the following reactions (Carey 1990):

(/) homogeneous

H,0, + hv—+20H'(4 <400nm) (n
or

Fe?* + H,0,—~Fe?* + OH™ + OH". 2
(b) heterogeneous

TiO; + hv—e™ +p* (4 <400 nm), (3)

p*+O0OH -O0H. (4)

*For correspondence
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In this work. the degradation of 4-chlorophenol (4-CP. 1:01 x 10 mol/l = 729 ppm
TOC) and of TOC (total organic carbon) by photochemical methods with UV/H,0,,
UV/TiO,, and UV/TiO,/H, 0,, has been studied. The results werc compared to the
dark Fenton reaction, and to photolysis without additives.

Chlorophenols are widely used in the manufacture of herbicides and fungicides.
Their traces were found in ground water but also in drinking water (caused by the
disinfection of phenolic waters with chlorine). Because of their low biodegradability,
chemical methods for the removal of chlorophenols have been developed. Degradation
of chlorophenols (with low substrate concentrations) using UV-photolysis (Yasuhara
et al 1977), UV-illuminated TiO, (Matthews 1987), UV-photolysis with
H,;0,-addition (Moza et al 1988) and Fenton’s reagent (Barbeni et al 1987) was
reported elsewhere,

2. Experimental details

4-Chlorophenol (4-CP, reagent grade, Merck), TiO, (Degussa P25), H, O, (30%, p.a.,
Riedel de-Haén) and FeSO,:7TH, O (p.a., Merck) were used without further purification.

All experiments were performed at an initial pH of 58 in a three-necked-21 flask
equipped with a plane glass window (Duran, irradiated area 3300 mm?) and thermost-
atted at 25° C. The initial concentration of 4-CP was 1:01 x 10~ *mol/l (= 72:9 ppm
TOC). A 400 W high pressure Hg-lamp (Osram Ultramed) with quartz optics and
water filter was used as light source. The solution (2000 ml) was stirred and purged
with pure oxygen during the reaction. Concentration of TiO,-suspension was 2 g/l,
molar excess of H,0, was 10:1 or 50:1 in comparison to 4-CP, concentration of
Fe?* in the Fenton experiment 25 x 10”*mol/l. 4-CP was analysed by HPLC
(column: Spherisorb S5 ODS 50 um, cluent: methanol:H,0 = 40:60 Vol%, flow:
1 ml/min), TOC was monitored with a TOC analyser (Shimadzu). H,O, was determined
by a modified iodometric method (Greenberg et al 1985).

3. Results and discussion

The difference between heterogeneous and homogeneous reaction mechanisms can
be explained by comparing degradation of 4-CP and TOC (figures 1 & 2). Degradation
curves of 4-CP and TOC in the UV/TiO; and UV/TiO,/H, 0, experiments show a
similiar course, in contrast to homogeneous reactions, where the 4-CP concentration
decreases more rapidly than TOC-concentration. During the dark Fenton reaction,
4-CP disappears rapidly within a few minutes but TOC removal is only 42%, after
24 hours. With photolysis in the presence of a 10:1 excess of H, 0,, 4-CP is completely
degraded after 24 hours with a TOC reduction of only 51%,. A very high excess of
H, 0, reduces the degradation rates of both 4-CP and TOC because of recombination
of the hydroxyl radicals (Carey 1990).

In case of UV/TiQ,. the pollutunt has to be adsorbed before reaction. This explains
the low degradation rate of 4-CP, In solution, there are more free substrate molecules
and more OH-radicals for reaction, therefore 4-CP concentration in homogeneous
processes decreases very rapidly. Hydroxyl radicals are able to attack the molecules
without steric restrictions in contrast to the 4-CP molecule adsorbed on the
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Figure 1. Degradation of 4-chiorophenol (1-01 mmol/l = 729 ppm TOC) with different
humogeneous dnd heterogeneous methods.
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Figure 3. Degradation of TOC (729 ppm = 10T mmol | 4-CP with different homogeneous
and "wierogeneous methods

TiO,-surface. In this case, a molecule has to be degraded nearly completely to CO,
and to desorb before a new molecule can take its place. Therefore, the amount of
by-products formed duing the heterogeneous process is small compared to Fenton'’s
reagen. or UV/H;0, Among the described wastewater treatment methods, the
system UV, TiO,/H,(, comoining homogencous and heterogeneous reactions. was
found to be the best ¢-gradation method for TOC. TOC degradation was about 80",
after 24 hours.

In all processes degradation of H, O, (figure 3) follows the curves of TOC degradation
(figure 2). The most rapid decrease of H,0, was observed with Fenton's reagent.
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Figure 3. Decrease of H,O; during reaction.

After one hour, the reaction retards because of complete oxidation of Fe?* to Fe?*,
(2). Fe** can be re-reduced during excitation with visible light (4 < 580 nm) (Ruppert
and Baner 1993). The presence of TiO, in the UV/H,0, process accelerates the
degradation of H,O,.

For industrial use, homogeneous processes like UV/H, O, (Hager 1990) and UV/
ozone (Kearney et al 1984) are preferred to heterogeneous processes because of higher
degradation rates and no separation problems with the catalyst. In recent years,
reactors with immobilized TiO, have been developed to avoid this problem (Al-Ekabi
and Serpone 1988; Hofstadler 1992; Hofstadler et al 1992).

Iudeed, photochemical oxidation is an effective way to destroy organic water
pollutants although the process has to be optimized and adapted to the contaminant
and its concentration,
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Kinetics of sunlight photodegradation of 2,3,4,7,8-pentachlorodi-
benzofuran in natural water

KEN J FRIESEN* and MYROSIA M FOGA
Department of Chemistry, Uiniversity of Winnipeg, Winnipeg, Manitaba, Canada R 3B 2E9

Abstract, The aquatic photodegradation of the environmental contaminant 2,3,4.7.8-
pentachlorodibenzofuran (P,CDF) was studied under midsummer sunlight conditions at
SO°N latitude both in diatilled water-acetonitrile solutions and in lake water. The observed
net photodegradation tate of P,CDF in natural water was 240-fold faster than the rate of
direct photolysis in distilled water-acetonitrile solutions. The difference in rates of photo-
degradation is attributed to the action of sensitizers present in natural waters.

Keywords. Aquatic; photodegradation; polychlorindred dibenzoturans; sunlight.

1. Introduction

Polychlorinated dibenzofurans (PCDFs) are persistent environmental contaminants
characterized by low water-solubilities (Friesen et al 1990b) and extreme hydro-
phobicity (Sijm et al 1990). 2,3,4,7,8-Pentachlorodibenzofuran is one of the most toxic
PCDF isomers. with a toxic equivalency factor (TEF) of 0-5 (Safe 1990) and a single
oral dose LDy, value of < 10 ug/kg body weight for the guinea pig (Kociba and Cabey
1985).

Although these pollutants tend to resist chemical and microbial degradation, there
is some evidence that they undergo aqueous photodegradation. The quantum yields
for the direct photolysis of PCDFs in water—acetonitrile mixtures at 313 nm vary
from 107% to 1073 for a series of PCDFs (Choudhry et al 1990; Foga 1991). Recent
reports (Dung and 0'Keefe 1992) indicate that several tetrachlorinated PCDFs are
photolyzed in both distilled and natural waters under sunlight conditions, with
degradation rates in natural water roughly 2 times faster than in distilled water.

The objective of this study wes to determine the rate of sunlight photolysis of
2.3,4,7,8-pentachlorodibenzofur: n under environmental conditions, and in particular
to ascertain the importance of direct versus indirect photolysis.

2. Experimental

2.1 Chemicals

14C,-dichlorophenyl-2,3,4,7,8-pentachlorodibenzofuran (**C-P,CDF) with a specific
activity of 125 x 10'° Bq/mmol, was purchased from Wellington Laboratories (Guelph,
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ON) and purified (to a radiopurity of 99-9%) by RP-HPLC with 85:15 CH,OH/H,0O
as the mobile phase and redissolved in acetonitrile.
Liquid scintillation fluors, Scintiverse 11 and Atomlight, were purchased from
Fisher Scientific (Winnipeg, MB) and Biotechnical Systems (Boston, MA), respectively.
All solvents used in sample preparation or as HPLC mobile phases were Burdick &
Jackson Brand (High Purity) from Baxter Diagnostics Corporation, Canlab, Winnipeg,
MB.

2.2 Instrumentation

Quantitative analysis of }4C-P,CDF was carried out with a Waters Associates HPLC
system equipped with a Model 6000A pump, a Rheodyne Model 7125 injector, and
a 25cm x 3:2mm uBondapak C,s column (Waters Scientific, Mississauga, ON),
Three-minute fractions of HPLC cluent were collected, mixed with 12 m} of Scintiverse
11, and analysed for carbon-14 on a Beckman LS 7500 Liquid Scintillation System.

2.3 Kinetics of sunlight photolysis

All glassware was thoroughly cleaned and sterilized at 180°C for 4-5 hours.

Direct aqueous photolysis was studied by preparing solutions of '4C-2,3,4,7,8-
P,CDF (1'1 ng/ml) in 10:25 (v/v) filter-sterilized CH,;CN/HPLC water (Mill ¢t al
1982) and exposing to sunlight in 50ml Pyrex centrifuge tubes. Indirect aqueous
photolysis was monitored under similar conditions but in filter-sterilized lake water
obtained from Lake 375 of the Experimental Lakes Area (ELA) near Kenora, ON,
Dark controls, in which PyCDF solutions in lake water were wrapped with aluminium
foil to prevent sunlight photolysis, were used to check for biolagical and chemical
degradation. The tubes were placed in a rack near the surface of Lake 375 (ELA),
with sunlight cxposures carried out over a 3-day period in June 1989.

All solution. were adjusted to pH 9 and extracted with four 5 ml portions of hexane.
The extracty were dried by passing through a Na,SO, column and concentrated
prior to analysis. Concentrations of parent '4C-P,CDF were determined by HPLC-
L8C using 85:15 CH,;OH/H, O as the mobile phase. The extracted aqueous phase
was tested for nonextractable '*C by adding 12 ml of Atomlight to 4 ml of water and
counting by LSC. A standard '*C-P,CDF was used to establish both the extraction
efficiency (105%) and the overall recovery of P,CDF at the analytical stage (90%).

3. Results and discussion

3.1 Direct photolysis

The absorption spectrum of P;CDF shows a weak, tailing band above 290 nm
(figure 1) producing the potential for direct photolytic degradation of this compound
under environmental conditions. However, the aqueous photolysis of P,CDF was
extremely slow in water-acetonitrile solutions (figure 2), with a pseudo-first-order
direct photolysis rate constant (kpg) of 0:015+£0007d~! (¢, , =46d). This rawe
constant has been corrected for tube geometry (Dulin and Mill l9é2) to provide a value
applicable to surface waters. Quantitative recoveries of P,CDF from the dark controls
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Figure 1. The absorption spectrum of a 12 x 10™*M solution of 2,3,4,7,8-pentachlorodi-
benzofuran in 1:1 CH,CN/H,O determined with a Hewlett-Packard 8452A diode array
spectrophototneter using a quartz cell with a | cm pathlength.

sampled over the entire exposure period indicated negligible losses due to biological
degradation, volatilization, and/or analytical procedures. Therelore, the observed
decreases are attributed to photolytic degradation of this congener under sunlight
conditions.

No !#C.labelled intermediates could be detected by HPLC-LSC analysis and no
detectable levels of nonextractable '*C appeared throughout the entire experiment.
The results are consistent with recent reports which showed that polychlorinated
dibenzofurans (Dung and O'Keefe 1992) and polychlorinated dibenzo-p-dioxins
(Dulin et al 1986; Friesen et al 1990a) undergo very slow direct aqueous photolysis
under environmental conditions.

3.2 Indirect sunlight photolysis

P,CDF transformation in filter-sterilized lake water was much more rapid with
essentially complete degradation after 6 hours of sunlight exposure. Although degra-
dation rates are affected by solar flux and temperature changes, fitting the data to a
first-order model (figure 2) and correcting for tube geometry provided a net pseudo-
first-order photolytic degradation rate constant (k,,) of 36 £:0-3d ™! (¢, , =0-19d).
Dark controls showed no significant changes over the sampling period, hence biclogical
and chemical degradation was again negligible,

The dramatic increase in the rate of photolysis of PCDF in lake water relative
to distilled water (240-fold) is attributed to the action of photosensitizers present in
natural waters. Indirect photolysis of organic contaminants in natural waters is known
to be sensitized by dissolved humic material (Zafiriou et al 1984; Mill 1989). The
dissolved organic carbon (DOC) content of the lake water used in this study (440 uM)
is believed to contribute to the rapid photolytic destruction of P.CDF. Photooxidation
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Figure 2. Midsummer sunlight photolysis of 2,3,4,7.8-pentachlorodibenzofuran in lake
water (O) and in distilled water-acetonitrile solutions (@) at 50°N latiiude.
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Figure 3. Reconstructed chromatogram for the HPLC-LSC analysis of the hexane extract
of a solution of 2,3,4,7.8-pentuchlorodibenzofuran exposed to sunhght for 6h in filter-

sterilized lake water. The major bands include unreacted parent PyCDF {t, = 45min) and
a suspected T,CDF (¢, = 33 min).

by singlet oxygen (Zafiriou et al 1984: Haag aud Hoigne 1986}, reaction with photo-
chemically generated peroxy and hydroxy radicals (Mill 1989), triplet energy transfers
(Zepp et al 1985), and clectran transfers (Zafiriou et al '984) are possible routes of
photodegradation of chlorinated dibenzofurans in natural waters.

Only onc apparent nonpolar '*C-labelled degradation product was isolated by
HPLC-LSC. This band (figure 3). with 2 chromatographic retention time corresponding
to that of a tetrachlorinated dibenzofuran (T,CDF; standard (1, = 33 min), reached
a maximum concentration after 6 hours of sunlight expesure. However, chromatographic
resolution was not adequate to determine the identity of the product or to verify the
number of products formed. The disappesrance of the product on longer sunlight
exposures supported the formation of lower chlorinated dibenzofurans which would
then undergo further photolytic degradation. Significant amounts (42%;) of '*C were
non-¢xtractable following 52 hours of eaposure to sonlight, suggesting formation of
polar degradation products. Previcus studics have shown similar behaviour for
photolysis of several polychiorinated dibenzo-p-dioxins ir naturat water (Friesen et al
1990a).
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Although sunlight emits energy of 35:8 —98-6 kcal/mol in the 290-800 nm region
(Leifer 1988), sufficient to break typical Ar-O and C-Cl bonds (Lyman et al 1982),
2,3,4,7,8-pentachlorodibenzofuran was essentially nonreactive via direct aqueous
photolysis. The large enhancement in the rate of photolytic degradation of P,CDF
in natural water relative to distilled water at S0°N latitude in midsummer indicates
the important effect that naturally occurring components in lake water have on en.
vironmental photodegradation. Further work is underway to identify the degradation
products and to determine the role of various sensitizers in the photolytic reaction.
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Applied photochemistry in dental science

LARS-AKE LINDEN

Department of Dental Materials, Karolinska Institute, Royal Institute of Medicine, Box
4064, S-141 04 Huddinge, Stockholm, Sweden

Abstract. This paper presents a short review of the most important probiems involved in
the photocuring of dental polymer materials, such as a choice of photoinitiating system
(mainly based on camphorquinone-amines), kinetics of polymer conversion, depth of curing,
shrinkage etc.. and also discusses problems with damage of photocured surfaces by chemical,
biological, and mechanical degradation.

Keywords. Dental materials; photocuring of polymeric materials; damage 1o photocured
surfaces; photoinitiating system.

During the last two decades, the production of polymers and plastics (composite
resins) for dental applications has increased rapidly. These materials are inexpensive,
easy to use, and have recently been applied to replace amalgams and other traditional
dental materials such as gold, cements, and ceramics, However, they must meet strict
demands such as physico-chemical (dimensional stability, strength, craze, and wear
resistance), chemical (resistance to hydrolytic and enzymatic degradation), and biolcgical
(resistance to biodegradation by microorganisms), toxicological and .liergiological
demands.

The most common group of dental polymers are polymethacrylates based on niono-,
di-. oligomonomers and oligomers. They are used in dentistry for processing denture
bases, crown and bridge prosthetics, artificial teeth, orthedontic appliances, und for
restorative dentistry (filling materials). For these applications, liquid monomer
(modified methyl methacrylates). prepolymerized poly(methyl methacrylates) and
cross-linking monomers based on di-, or tri-functional vinyl monomers (e.p
ethyleneglycol dimethacrylate or butenediol dimethacrylate) are polymerized by free
radical or ionic initiators. More than 100 commercially produced monomers have
been used by private companies to prepare dental composites. Some examples are
listed in table 1.

Polymerization of dental composites in the oral cavity is restricted bv biological
demands and should not exceed temperatures of 50°C. This condition eliminates almost
all thermally initiated free-radical polymerizations. The soft tissues in the oral cavity
are very sensitive to the strong acids formed in some ionic polymerization systems
that can be polymerized at room temperature. All of these problems can be overcome
by the use of photocuring.

Most common photoinitiators such as analogues of benzoin methyl ethers undergo
photofragmentation with the formation of frce radicals when exposed to UV irradiation
below 400nm. Use of this type of radiation is restricted in dental applications,
because of carcenogenic and photoallergic effects, and the risk of tissue burning
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Table 1. Examples of monomers used in photocured resins.

CH, = CH~ C — OC,Hy
Ethyl acrylate

CHy | N CH,
CH; m¢
énocu,
N. N - dimethylamino methacrylate

Hy

™
CHy= C — COOCH,CHNY

2 . dimethylaminoethyl methacrylate

CHy= (i~ C~ OCHy — (CHy) = CH;0 ~= C = CHw= CH,

1, 6 - hexanediol diacrylate
(HDDA)

s Hy ?) g
m,-cu-—g—oal,-m-w,-cu—om,— HO— C— CH = CH,

Tripropyleneglycol diacrylate
(TPGDA)
mﬁ—i—m-cn, ,O—E—-CH-CH,
HOCH;~ C= CHy0 —t-—cu-cu, CHyCll;— C~CH,0 —g—m-cu,
cn,o-g-ol—cu, cu,o-?:—m-cu,
Pentacrythriol trincrylate Trimethylolpre 2ane triscrylate
(PETA) (TMPTA)

HyCw -K—- O~ CHy — (H; — 0— CH,; = CHy= O="H; = CH; = O—~C —f—(-“z

1y Triethyleneglycolycoldimeth CHy

1
winylenegiycoly ylals

(TEGDMA)

HC E;L o—O—E—:O—o—E -tlc:; oy

Bis (phenol A - dimethactyiae) (bis- DMA)

3
HCw F—E—O-CH:—fH— CHyp o-@-F@-o—cu,—fn—cn,—o-E-f-cu,
CH, oH CHy OH c

Hy

Bl (phenol A - diglycidylether dimethacrylate) (bis - GMA)
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Table 1. (Continued)
I ’ i
HCm Ce O O—g:— cug-o—o— -O—o—cu,—p—o—c —(':-cu,
1-1"! 3 u‘; C“, Qi,
Bis (phenol A - propylether dimethacrylate)
L ¥ L
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Figure 1. Emission spectra from typical commercial lamps designed for intra-oral
photocuring.

(Birdsell et al 1977). The only light irradiation allowed for application in the oral
cavity is at wavelengths over 400 nm (Cook 1982).

Most commercially produccd irradiation-lamp devices operate with blue light at
a maximum ot 470nm (figure 1). This causes a number of problems in finding a
photoinitiating system which is effective in this spectral region, that is, which absorbs
blue light.

The most common photoinitiating system used in denta’ applications consists
of camphorquinone (which is a diketone, table 2) and differer.t amines (coinitiators)
such as N,N-3,5-tetra-methylaniline, N,N-dimethylamino phenethyl alcohol, N,N-
dimethylaminoethyl methacrylate (table 3) (Sheela 1991; Cook 1992).

Camphorquinone has a maximum absorbtion at 468 nm (figure 2), and its exc.ied
triplet state reacts with amine to form an exciplex (excited state complex) The exciplex
is a short-lived species and it fragments into camphorquinone pinacol radical (A)
and amine radical (B) according to reactions 1 and 2 (scheme 1) (Dietliker 1991),

Camphorquinone pinacol radical (A) is deactivated by hydrogen abstraction and/or
dimerization reaction and cannot initiate polymerization, whereas the amine radical
(B) is responsible for the initiation of polymerization.
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Table 2. Examples of di-hetones (photomnators) used in photocured resins.
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Scheme 1. Camphorquinone pinacol radical (A) is deactivated by hydrogen abstraction
and/or dimerisation reaction and cannot initiate polymerisation, whereas the amine radical
(B} 15 responsible for the initiation of polymerisation.

Many other diketones (table 2) could be considered as photoinitiators. because of
their extended absorption in the region 400-500nm. Most of them, however, are
toxic and mutagenic and are not acceptable for application in dental photocuring.

Camphorquinone irradiated with light at 470nm does not give free radicals
which would initiate polymerization of monomers with unsaturated double bonds
{c.g. methacrylates and their analogues). The presence of coinitiators with tertiary
amine groups -~NR,; (where R=CH;. CH,CH,) is a condition for the formation of
the reactive amino radical NCH, in reaction with excited triplet state (T) of
camphorquinone (reaction 1). The hybrid photoinitiator system camphorquinone-
amine e.g. N,N-dimethylaminoethyl methacrylate is very sensitive to light at 470 nm.
Changes of spectra of this hybrid photoinitiating system under light irradiation
are shown in figure 2.

The reactions (2) are responsible for the decreasing absorption spectra of cam-
phorquirone. One of the most effective bybrid systems is mixture of camphorquinone
with Michler's ketone (4,4'-bis(N,N-dimethylamino)benzophenone). The latest onc
is itself a very active photoinitiator (Rabek 1987). However, it does not absorb light
in the visible range :> 400 nm. Michiers ketone is, as are many other low molecular
amines such as N,N-dimethyl-p-toluidine, toxic and mutagenic, and therefore not
acceptable tor application in intra-oral curing procedures. In spite of this very
important toxicological problem, many companies use N, N-dimethyl-p-toluidine as
a cotnitiator.

In our iaboratory we are working on hybrid photoinitiating systems, in which
coinitiators {amines) are polymerized into homopolyme:s, or copolymerize with
monomeis used in composite restorative systems. Polyvmers with amine groups are
almost non-toxic 1n comparison with low-molecular amines.

One such system is a hybrid formed from camphorquinone and N,N-dimethyl-
aminocthyl inethacrylate which after irradiation with light at 480nm initiates
polymerization of other methacrylic mono-, di- and tri-functional monomers, but
also causes polymerization of amine methacrylate itself (figure 3). The kinetics of
photopolymerization of N,N-dimethylaminoethyl methacrylate in the presence of
camphorquinone is shown in figure 4.

This system has a rather long induction period and low conversion efficiency
(maximum 75%). The length of the inhibition period depends on the concentration
of the inhibitor e.g. p-hydroquinone (¢a. 0-1%) and initial oxygen concentration. For
practical application of this photoinitiator hybrid system in dental composites, the
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Figure 3. FTIR spectra of (8) pure N.N.dimethylaminocthyl methacrylate and (b)

poly(N,N-dimethylaminoethyl methacrylate) obtained after 10 min light irradiation in the
presence of ca~ypherquinone.
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Figwe 4. Kinetics of photopolymerization of 2-dimethylummnoethyl methactylate in the
presence of camphorquinone, determined from decreasing absorption of C = C band at
81Sem “{FTIR)

presence of inhibitors is necessary to avoid prepolymerization. During the inhibition
period, oxygen is consumed by the amino-radicals that have been formed. However,
a very thin surface layer of monomer which is in contact with air remains unpolymerized.
The thickness of the unpolymerized layer is dependent on the concentration of
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camphorquinone. At a ratio | 10 of camphorquinone to amine, even the upper surface
layer is polymerized. A higher intenssty of hght also decreases the induction penod
because the rate of radical formanon is much higher.

Photocuring reactions occur, however, in much more complicated systems. depending
on the type of dental formulation. which consist of different components

(1) a muxture of monomers (mono-. di-. tri-functional oligomers). which differ 1n
VIsCOsItIeS, INtition reactivities, propagation and termination reachions,

tn} photoimtiator (systems) with different efficiencics of photolragmentations inte
free radicals or hydrogen transfer reactions producing active free radicals Feee
radicals that are formed have differing reactivities with the monomers used in
the nitiation step, and they also participdte in side reactions, ¢.g. deacuivanion.
dimerisation, hydrogen abstraction, tcrmiaation of polvmensation propagation
reactions. reactions with oaygen, and polymenzation mhibitors,

() additives such as prepolymerization inhibitors (used lor storage stability). hight
stabilizess tagainst colcur change of polymerized cample and to protect agains
1ts photodegradationl,

av) rainforong  phase (filiers) such as wlamsed quarts, fused borosthicate and
alumunosilicate glasses, silwon nitnide. calautn sbicate. calowum  phosphates.
aluminium onide. cetamics. or hybnd filkers (e g prepolymerized resins with fumed
or pyrogenic silical. which constitute the dispersed phase (S0 857, hauts the
apprcach of hght to the cured layers,

(v) coupling agents (as interface vn the fitler particles) usually -methacryi-opro:
pyitrimethoxvsilane

Dental pil and fissure sealants, bonding agents, or vithodonue adhesnes bave sinulat
womposiions, except that they are unfilicd or hightiv filled matenals Dental
composites are used as two-component formulations, ¢ g powder hquid, paste paste
or as uniform paste.

Photoimtiated polymenzation (photocuning) must often proveed i the orai cavity
te.g. m conservaine dentistry when Hilling cavities in teeth) within 20 3t weconds, but
should never exceed one minute The main problem v the imited depth of pols-
merization {figure 5 and low conversion efliciency (maximum 8 ) ifigure b The
low conversion efficiency can be the result of different causes

00 4
3 an /
5
g 40
i 20
° os 10 14 i bL}

LOG o) TR OF IMBADUANON (8

tlgme & Depth of cunag for different polymethacryin compouition as 3 function of ime
of wradistwon ({(Jvas o ol 199
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Figure 7. Degree of polymerization (degree of convc=a in °;) as a function of sample
thickness (mmj and initiator concentration (wt ;) (G+..nrie et al 1986).

(i) Low radical concentration, low radical i..itiation effectiveness, sample thickness
(figure 7) (Guthrie er al 1986). For example, increasing the initiator concentration
from | to 5%, can decrease the amount cf unreacted monomer molecules from 22
to 8°, (Decker and Mousa 1990),

(i) increase of viscosity during the prupagation and on reaching gel point, which
restricts the mobility of propagating radicals.
(i) terminption reactions.

At low degrees of conversion (about 70% in most dental formulztions), the final cured
product contains unreacted monomer in addition to low molecular products of
photolysis of photoinitiator and other organic additatives (inhibitors, stabilizsrs). All
these components are distributed in a pclymer cross-linked three-dimensional matrix
network.
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A severc problem in the application of polymeric materials is the shrinkage of
polvmerizing formulations, which should not exceed 0-2-29;. Shrinkage, which is a
result of volume change, causes a decrease in the dimensions of the final product, i.c.
thickness of the sample layer. As a result of shrinkage, a gap is formed between the
wall of the cavity and the filling materizl. This gap is easily accessible to food debris
and microorgamsins, which can cause secondary caries.

The shrinkage that occurs during polymerization arises from different causes.

(1) The major factor relutes to the fact that monomers are located at Van der
Waals' distances from one ancther. while in the corresponding polymer the
(mono)mer unils have moved to within a covalent radius which is approximately
1/3 Van der Waals' radius. This causes the shrinkage that is roughly related to
the number of monoymer) units per unit volume that is converted to polymer.

(1i) The change i entrapy and the relative free volumes of monomer and polymer.
Free volume is primarily determined by the packing efficiency of the macro-
molecules. Crystalline (and 1o some extent semi-crystaliine) polymers are, for
cxample, more closely packed than the corresponding amorphous polymers.

Thus crystalline monomers will shrink less than noncrystalline (liquid) monomers.
In the case of methacrylate monomers it is impossible to avoid shrinkage (which
mnges up to 10°;).

Only polymerization with expansion in volume can solve this problem (Cook
1980). In this type of polymerization, expansion in volume can be achieved
through a ring-opening process, wherein two bonds are cleaved for each new bond
{ormed giving a polymer with a volume shrinkage of 1-4--1-7%, (Thompson et al 1979).
The ree-radical ring-opening polymerization of a 2-methylene spiro orthocarbonate
monomer can be initiated by the hybrid photoinitiator system camphorquinone-(4-
N,N-dimethylaminobenzoate) and occurs by the following mechanism (Stansbury
1992) (scheme 2).

The resulting expansion can be applied to countetact the polymerization shrinkage
associated with the conventional methacrylate monomers used in dental composites,
and thereby provide formulations with drastically reduced shrinkage (Thompson et al
1979).

Shrinkage causes not only volumetric and dimensional changes but also builds up
large stresses within the material. A variety of matcrial deficiences has been attributed
to the volume contraction associated with the polymerization of dental resins in
compogites for clinical applications. These deficiencies arise from the generation of
stresses which are of sufficient magnitude to cause defects within the resin matrix,
and debonding at the surface (Feilzer et al 1987, 1990; Zindan et al 1987). These
complications weaken performance and often restrict those situations for which
composites and other related dental resin materials can be considered.

Applications of photocured dental composites in the oral cavity bring several other
problems.

(i) In a photocured polymer formulation there can exist trapped radicals, which
have relativ ly long lifetimes at room temperature. The lifetime of free radicals
can exceed five months when certain dimethylacrylates (such as 1,6-hexanediol
diacrylate and bis(2-hydroxyethyl acrylate bisphenol-A dimethacrylate) are
polymerized (Klooserboer et o/ 1984). The presence of free radicals in a dental
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composite material in contact with oral soft tissues might cause genetic changes
{a problem which has not been investigated yet).

(ii) Unreacted monomer and other low-molecular (non-polymerized) (Ruyter and
Svendsen 1978; Séderholm 1983; Lindén et al 1993) components gradually diffuse
out of the matrix because they are not compatible with the polymer matrix. They
are removed from the surface of filling material by wear or are dissolved and/or
transported with saliva to the intestine, where these substances (e.g. poly(acrylic
acid)) (Cook 1982) can be absorbed and distributed in the body (Lindén 1991).

Some of these substances can be toxic to pulp and surrounding mucous
membranes, and can also cause allergic reactions. It is well known that all
methacrylic monomers are toxic (much less than acrylic), whereas amines, together
with their high toxicity, are mutagenic and can also cause allergic reactions.
Little is known about the toxicity and allergenity of low molecular products of
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fragmentation of photoinitiators (not attached to polymer chains). On the other
hand, polymers, espccially cross-linked ones, are non-toxic but their allergenic
and mutagenic effects are still not well known. It has been observed that many
patients and dental personnel show allergic reactions in connection with
restorative dentistry using polymeric materials.

(iii) Chemical and biodegradation of photocured dental composites in the oral cavity.
This mode of degradation is caused by rapid changes of pH in the oral cavity
(bases and acids present in food), oxidation processes in which oxygen is involved
(from air and dissolved in liquids and present in food), and fermentation processes
in which acid is produced. These hydrolytic and oxidative degradations cause
de-esterification processes, formation of OH/OOH groups, and chain scission and
cross-linking processes. Many polyacrylic materials are susceptible to biodegrada-
tion and enzymatic hydrolysis (Munksgaard and Freund 1979) caused by
microorganisms such as bacteria and fungi.

{iv) Photocured dental composites are also exposed to often rapid thermal changes
{from ~70° to + 70°C) in the oral cavity. Typical damage due to such forces s
the formation of microcracks, cavities, and a rough and corrugated surface. Saliva
and fluid fcodstuffs may also cause hydrodynamic damage to the surface and
participate in the removal of material (figure 8). Such damaged surfaces serve as
retentive areas for food debris, bacterial plaque, and discolorations. Finally,
polymeric materials become brittle and numerous surfuce microcracks render
them less resistant to mechanical wear, and surface layers are thus removed.

The lifetitae for anterior polymeric restorative materials is about 8 years, but for
posterior (fillings attaining loads) it is often not longer than 2 -4 years (Qvist ¢t al
1990). Most polymeric materials used as restoratives must be repaired and polished
during this time. Traditional restorative material: for posterior teeth are dental
amalgams with very long lifctimes (10--20 years). In the last decade, questions about
mercury release from fillings and a growing social concern about metal toxicity has
raised serious doubts about using amalgams. This has led to the necessity of replacing
amalgams by non-toxic materials, e.g. polymeric composite resins. In comparison
with dental amalgam fillings with lifetimes exceeding 10 years, polymeric materials
are, however, still inferior.

Another very important group of polymeric dental materials are polyionomer
cements based on poly(acrylic) or other polycarboxylic acid analogues and inorganic
glass materials (aluminosilicates) (Wilson and McLean ]988). Carboxylic groups
present in poly(acrylic acid) form, with aluminosilicate glasses, very strong coordination
complexes which are bonded to various substrates such as dentin, enamel, and several
metallic materials.

Despite the many advantages of polyionomers used for dental applications (high
biocompatibility, good adhesion to enamel, dentin and metallic restorations), they
are easily hydrolysed by acids. In order to improve the hydrolytic degradation
properties of polyionomer cements, blends with difunctional monomers and/or its
copolymers with monomers having functional double bonds (remaining after
copolymerization) are used instead of pure poly(acrylic acid). These polyionomers
are further photocured in the presence of aluminosilicate glasses. Such cross-linked
polymeric networks (figure 9) protect coordination bonds against ucids that cause
their hydrolytic decomposition and improve their dimensional tensile strength.
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Figore 8. SEM micrograph of surface of photocured dental glass-inomer cement after
exponure in an oral envirnnment for 120 days (Lindén et al 1993).

Figwe 9. Photopulymerization and formaion of s sordination complexes in gliss jonomers

Poly(acrylic acid) also forms ionic complexes with a number of metallic salts eg
FeCly giving a hydrogel (Lindén and Rabek 1993). which was used for tightening
micro-channcis in human dentine (figure 10) in order 1o block vransportation of toxins
and bactena to the underlying pulp tissue.

In order to decrease hydrolytic degradation of these ionic complexes, it is possible
to photocross-link  them with mono- and difunctional monomers, eg. N.N-
dimethylaminocthyl methacrylate in the presence of camphorquinone. Free carboxylic
groups { COOH) that do not participate directly in formation of ionic complexes
with FeCl, can react with amine groups ( NR )

COOH+ NR;— COOH H'R,N .
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Figure 10. SEM micrograph of human dentin with tubule (micro-channel) blocked by
complex formed between polycurboxylic acid and FeCl, (Lindén and Rabek 1993).

tn this way a three-dimensional cross-linked network is formed that consiz:s of both
covalent (from photacuring) and 1omce bonds, and s resistant against hydrolytic
degradation

In conclusion, there are no “ideal” polyvmeric dental materials yet available that
could replace the umgue properties of the “old”™ amalgam-filling materials. It s
necessaly Lo search for pew monamers with a high degree of conversion, which can
give o polvmer with very low shninkage, and which could be resistant to all types of
degradation processes that oceur i the oral cavity [tis also important to synthesize
fluoromonomers, which dunng degradation processes could release fluoride to
decrease che risk of secondary canes

However, synthetization of monomers and production of new matenials for dental
apphcations should be accompanied by careful testing of their ageing in an oral
environment and for release of substances that may have toxicological and allergio-
logical implications in their use Our institute is currently engaged in researching
these problems.
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Abatract. The synthetic strategies used to prepare di-, tri-, tetra-, hexa-, hepta-. deca-,
trideca- and docosanuclear Ru(ll) and/or Os(ll) polypyridine-type complexes containing
the 2,3-dpp and/or 2,5-dpp bridging ligands and the bpy and/or big terminal ligands are
described (dpp = bis(2-pyridyl)pyrazine: bpy = 2,2"-bipyridine; biq = 2,2"-biquinoline). The
light absorption, luminescence, and redox properties of these polynuclear compounds can
be varied by chunging (i) the nuclearity, {ii) the nature of metal ions, bridging ligands and/or
terminal ligands, and (iii) the position of the various components in the supramolecular
structure. Because of their strong absorption in the visible spectral region and the possibility
of predetermining the direction of energy migration, these compounds can be used as
photochemical molecular devices (c.2. as antennas for harvesting solar energy). Because of
the presence of several interacting and/or noninleracting redox centres, they are good
candidates to play the role of multiclectron-transfer catalysts.

Keywords. Photochemistry: photophysics; supermolecules: moleculur devices.

1. Introduction

Supramolecular chemistry has shown that molecular components can be assembled
to give species of nanometric dimensions (Lehn 1990; Balzani and Scandola 1991;
Schneider and Durt 1991; Vagtle 1991; Whitesides et al 1991; Anelli et el 1992; Bulzani
and DeCola 1992). Of particular interest are tree-like structures that incorporate ih
their building blocks specific pieces of information, such as electronic excited states
and redox levels at accessible energy values. To pursue this aim, we have designed
a synthetic strategy to build up dendritic species based on luminescent and redox-
active transition metal complexes, where desired metals and ligands can be placed
in specific sites of the supramolecular structure. Species made of 2, 3, 4, 6, 7, 10, 13
and 22 metal-based units have already been prepared and larger species can in
principle be obtained. This strategy opens the way to the synthesis of species of
nanometric dimension capable of harvesting visible light and exhibiting made-to-order
patterns for energy and electron migration,

* For correspondence
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2. Building blocks and bridging ligands

In the last 20 years extensive investigations carried out on the photochemical and
electrochemical properties of transition metal compounds have shown that Ru(ll)
and Os(I1) complexes of aromatic diimines, e.g. Ru(bpy);* and Os(bpy)i* (bpy = 2,
2'-bipyridine). exhibit a unique combination of chemical stability, redox properties,
excited state reactivity, luminescence, and excited state lifetimes (Juris et al 1988;
Balzani et a! 1990, Kalyanasundaram 1991). Furthermore, their properties can be
tuned within rather broad ranges by changing ligands or ligand substituents. Several
hundreds of these complexes have been synthesized and characterized, and some of
them have been used as sensitizers for the interconversion of light and chemical
energy as well as for other purposes. Such complexes are ideal building blocks
{components) to obtain supramolecular species capable of exhibiting light-induced
functions.

In order to assemble such metal-containing building blocks in a supramolecular
array, a variety of bridging ligands can be cmployed. We have concentrated our
efforts on the use of the 2.3- and 2, 5-bis(2-pyridyl)pyrazine (2,3- and 2,5-dpp) bridging
ligands (BL) shown in figure 1.

Some important properties of the M(BL), _(L)?* compounds can be summarized
as follows (Braunstein et al 1984; Brewer et al 1986; Campagna ¢t al 1989a; Denti
et al 1990a): (1) there are intensc ligand-centred (LC) absorption bands in the UV
region and moderately intense (¢, ~1x 10*M~"'cm™') metal-to-ligand charge
transfer (MLCT) bands in the visible region; (2) a relatively long-lived luminescence
(1077-10"*s time scale at room temperature) is present in the red spectral region;
(3) reversible one-electron oxidation of the metal ion takes place in the potential
window + 0-8/+ 1-7V (vs SCE). (4) reversible one-electron reduction of each ligand
takes place in the potential window - 0-6/— 11 V, Important difterences relevant to
our discussion are as follows: (1) Os (1I) complexes are oxidized at potentials considerably
less positive than Ru(ll) complexes; (ii) the MLCT absorption and luminescence
bands lie at lower energics for the Os(I1) complexes than for the Ru(II) ones; (iii) the
energy of the LUMO of the (mono-coordinated) ligands decreases in the series
bpy > 2.3-dpp > 2.5-dpp > biq: as a consequence, the lowest (luminescent) *MLCT
level involves the lowest ligand of the above series which is present in the complex;
{iv) the clectron donor power decreases in the ligand series bpy > big = 2,3-dpp
~ 2.5-dpp.

2+

Metalion. M : Ry 2+

O Os
10

Bridging hgand, BL : @ @}'@"}'—@

NO

2.3-dpp W 2.5-dpp —
Terminal ligand, L : @——@ Q O
N
bpy | big a

Figure 1. Components of the polynuclear complexes and symbols used.
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3. Synthetic strategies

Mononuclear transition metal complexes are synthesized by combining metal ion
(M) and free ligands (L), as shown below:

M + nL -+ M(L),. (1)

In the last few years we have been developing a procedure to synthesize oligonuclear
metal complexes of desired nuclearity and chemical structure (Campagna et al 1989b,
1991, 1992; Denti et al 1990-1993; Serroni et al 1991-1992). Such a procedure is
based on the use of complexes (building blocks) in the place of the metal (M) and/or
ligands (L) in the synthetic reaction (1). The place of M can be taken by mono- or
oligonuclear complexes that possess easily replaceable ligands, and the place of L
can be taken by mono- or oligonuclear complexes which contain free chelating sites
(“complexes as metals™ and “complexes as ligands™ strategy).

Some of the building blocks used in our syntheses are sketched in scheme 1. The
synthetic routes followed to obtain complexes of nuclearity from 10 to 22 are itlustrated
in table 1, In cach equation, the first reactant plays the role of a metal and the second
one plays the role of a ligand. A list of the complexes prepared in our laboratory is
also reported in the same table. More details on the synthetic procedures (and on
the characterization of the compounds) can be found in the original papers. The final
step to obtain the docosanuclear compound is shown in scheme 2.

Schematic views of the decanuclear and tridecanuclear complexes containing
2,3-dpp as a bridging ligand are shown in figures 2 and 3.

As shown in table 1, the synthetic strategy used is versatile and selective, since the
sites occupied by different metals and ligands in tae structure of th= polynuclear
compounds can be synthetically predetermined by the appropriate choice of the
building blocks. Recently we have also elaborated a strategy to grow oligonuclear
metal complexes in an arborol-like structure according to a divergent approach
(scheme 3) (Serroni et al 1992).
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L\. |
)
;o | L | 8t
, T4
-~ M L BL 8L L
Y
e L L
'(m.
BL_ _L “eL_ _BL”
L U] ]
/ | |
LM BL 8L
by " ;
T ”» -,
)‘m’ L, 8 TeL B BL\M,BL BL_ _BL
8L | { |
/ 8L : :]8 BL
L-m I | |
L




424 Vincenzo Baizani et al

Table 1. Synthetic routes used for the synthesis of deca-, trideca-, and docosanuclear

zomplexes. Original references a, b etc are given in perentheses.

Decanuclear compounds
MLI(u-BLIM,(L), 1,18 * + M.(BL)3* b M, {(-BL)M, [(+-BLIMy(L),1, 1207

10A (a,b) M,=aM,=M, =Ru BL =23-dpp L =bpy
10B (a) M,=M, =M, =Ru BL = 2,3-dpp L = big
10C (w) M,=M, =Ru, M, =0s 3L = 2,3-dpp L = bpy
10D (w) M, =M, =Ru, M, =Os BL = 2,3-dpp L = biq
10E () M,=Ru M, =M, = Os BL = 2,3-dpp L = bpy
10F () M,=M,=Ru, M, = Os BL = 2,3.dpn L =bpy

Tridecanuclear compounds

M{(u-BLIM(L),1,C1* + M[(x-BL)M(LNBL)]%* 3L M{(BLM(L)(a-BLIM[ (1-BLIM(L), ], }4¢*
1A © M =Ru BL =23dpp - L =bpy

Docosanuclear compounds

M{(a-BLIM(L); 1, C1* + M{(uBLIM(BLY,)S" £4 M{uBLIMIG-BLIM{(u-BLIM(L), }, 11144
24 W) M =« Ru BL = 2,3-dpp L =bpy

References: (a) - Denti et al (1992a); (b) - Serroni et al (1991): (¢} Campagna et af (1992); (d) - Serroni ¢t al

(1992).
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Figure 2. Schematic view of a decanuclear complex.

4. General properties

The compounds described in this paper are well-characterized supramolecular species
made of a well-defined number of metal-containing components. They carry an overall
positive charge that is twice the number of the metal atoms. Neglecting the PF_
counter ions, the Jdocosanuclear compound 22A (6 in scheme 2) in made of 1090
atoms, has a molecular weight of 10890 daltons, and an estimated size of about 5nm.
Besides the 22 metal atoms, it contains 24 terminal bpy ligands and 21, 2,3-dpp
bridging ligands (Serroni et al 1992). Differences arising from the possible presence
of isomeric species are not expected to be sizeable in the electrochemical and spectroscopic
properties discusted below,

As one can understand from the schematic views shown in figures 2 and 3, species
with high nuclearity exhibit a three-dimensional branching structure of the type
shov.a by otherwise completely different compounds based on polyamidoamines or
other organic components (for some recent papers see Shahlai anc Hart 1990, Gopidas
et al 1991, Hawker et al 1991, Newkome et al 1991 and Nagasaki et al 1992; see
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Figwre 3. Schematic view of a tridecanuclear complex.

Tomalia et al 1990, for a comprehensive review). Therefore endo- and exoreceptor
propertics can be expected, which will be the object of future investigations.

We would like to stress that our complexes differ from most of the organic-type
arborols or dendrimers prepared so far owing to two fundamental reasons: (i) each
component exhibits valuable intrinsic properties such as absorption of visible (solar)
radiation, luminescence, and redox levels at accessible potentials; (ii) by a suitable
choice of the building blocks, different components can be placed in specific sites of
the supramolecular array, as one can understand from figure 4 where the syntheses
of 6 different decanuclear complexes, using different precursors, are schematized. In
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Table 2. Speciroscopic and elecirochemical properties of selected polynuclear ccmpounds.*

Electro-

Absorption Emission chemistry

L s Ay T By, (n]

Compounds (nm) (M 'em 'y (nm) (ns) V vs SCE

10A Ruf(u-23-dpp)Ruf(u-2.3-dpp) 41 125000 809 S5 +146[6]
Rutbpy), J,13°°

0B Ru{{u-2.3-dppiRu((u-2.3-dpp) 31] 109000 789 130 + 162 [6]
Ru(biq), ], }3°*

10C Os{(u-2,3-dpp)Ru (u-2,3-dpp} 550 117000 808 65 + 1117 (1)

Rutbpy) 1, 13°" g0 d +1-50 [6]

10F O:{(u-23-dpp)Ruf{u-2.3-dpp) 563 140500 9%00* d + 105 {6}

Os(bpy), ]s15°° + 1139 [1]

13A Ru{(u-2.3-dpp)Ru(bpyl(p-2.3-dpp) 544 133000 800 62  +150(9])

Ru[(u-2.3-dpp)Ruibpy); ); }3¢°
22A  Ru{{u-2.3-dppIRu((u-2,3-dpp) 542 202400 802 d +1:52 [12)

Ru{(u-2,3-dpp)Ru(bpy); },1; 134"

() Experiments in acetonitrile solution at room temperature, unless otherwise noted. Luminescence lifetimes
are acrated values, unless otherwise stuted. (b) Lowest energy 'MLCT band. (c) The numbers within
brackets indicate the number of electrons exchanged. (d) Not measured. (¢) At 90K in MeOH/EtOH 4:]
(v/v) glassy matrix. (f) This wave exhibits a large separation between cathodic and anodic peaks (AE = 180 mV).
This suggests that there is a superposition of two closely spaced oxidation processes; the first one has
been attributed to one-electron oxidation of six independent redox sites, and the second one to one-
electron oxidation of three independent redox sites.

other words, our arborols are species with a high “information” ~catent ard can
therefore be exploited to perform valuable functions (vide infra).

The absorption, emission, and redox properties of some selected compounds are
shown in table 2.

8. Absorption spectra

Since the interaction between the various metal-containing units is weak (vide infra)
the absorption spectra of the oligonuclear complexes are, as one can expect, a
combination of the absorption spectra of the single metal-containing components.
When many components are present, the absorption spectra show very intense bands
all over the UV and visible spectral region. For example, the spectra of the decanuclear
compounds 10B and 10C (figure 5) (Denti et al 1992a) show absorption bands with
€ up to 600,000M~'cm~"! in the UV region and up to 140,000M~'cm~! in the
visible region. The bands with maxima at 262 and 380 nm can be assigned to n~—» n*
transitions of the biq ligunds, the band at 282 nin to it — n° transitions of the bpy
ligands, and the broad absorption in the 300-350nm region to n—n* transitions of
the biq and 2,3-dpp ligands. The broad bands observed in the visible region receive
contributions from several types of metal-to-ligand charge-transfer (MLCT) transitions.
The energies of these transitions depend on the nature of the donor metal ion, the
acceptor ligand and the ancillary ligands.



Dendritic polynuclear metal complexes 429

6.0 — MT
=
§ I
'T: i |
I
® 30t |,
2 i
w) u\\,! . \\\
¢ \ 10C
A\
\ .. 108
\ P S
\/“-‘ \\
\\\
Y
%0 60 540 700 860
)\.nm

Figure 8. Absorption apectra of the decanuclear compounds 10B and 10C in acetonntniie
solution at roum temperaiure.

6. Electrochemical properties

The mononuciear compounds of the M(BL), (L)} series exhibit reversible redox-
processes. On reduction, each L ligand is reduced twice and cach BL ligand is reduced
four times in the potential window — 05 - 31V (Roflia ef al 1993). The reduction
potential of cach ligand depends on its clectronic properties and, o a smaller extent,
on the nuature of the metal and of the other ligands coordinated to the metal. It
follows that on reduction of a polynuclear complex which contains several ligands
{e.g.. 2! ligands are present in the decanuclear complexes). an extremely complicated
pattern with many overlapping peaks is observed. On oxidation of mononuclear
complexes in the potential window < + 16V, only one peak is observed in the
differential pulse voltammograms. which concerns the metal ion. The oxidation
potential depends strongly on the nature of the metal ion (Os(ll) is oxidized at less
positive potentials compared to Ru(1l)) and, less dramatically, on the nature of the
coordinated ligands. Because of the electronic properties of the isolated components
(and of the stabilization of the LUMO of 2,3-dpp and 2.5-dpp on coordination to
a second metal centre), it can be expected that for the metal-containing building
blocks which are present in the synthesized polynuclear compounds the oxidation
potential of the metal (and the energy of the lowest (luminescent) excited state) increases
in the series On(bpy); (4-2,5-dpp)* * € Os(bpy)a(u-2,3-dpp)** < Os(biq),(u-2,5-dpp)** &
Os(biq); (1-2,3-dpp)** < Os(u-2,5-dpp)}* < Os(u-2,3-dpp)3* < Ru(bpy), (4-2,5-
dpp)** € Ru(bpy),(u-2,3-dpp)* * < Ru(biq), (1-2,5-dpp)** € Ru(big); (u-2,3-dpp)** <
Ru(bpy)(u-2,5-dpp)3 * & Ru(bpy)(u-2,3-dpp)* < Ru(u-2,3-dpp)3*.

It can also be expected (and it is confirmed by the experimental data, table 2) that
in the polynuclear complexes the metal-metal interaction is non:negligible for metals
coordinated to the same bridging ligand, whereas it is very weak for metals that do
not share the same bridging ligand. Thus, equivalent units that are not directly
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connected are oxidized at the same potential. This allows us to control the number
of electrons lost at certain potentials by placing in the supramolecular species the
desired number of suitable, equivalent, and noninteracting units. For example, in
compound 10C (figure 4), the differential pulse voltammogram (figure 6) shows an
oxidation peak at + 1:17 V, which is assigned to one-clectron oxidation of the central
Os** metal ion, and another peak at + 1-50V, which has the same bandwidth but
six times higher intensity, that can be assigned to the independent one-electron
oxidation of the six peripheral noninteracting Ru®* ions. Oxidation of the three
intermediate Ru? * ions is further shifted towards more positive potentials and cannot
be observed in the potential window examined. For 10E, oxidation involves first the
six peripheral Os?* jons (which contain the stronger electron donor bpy ligand in
their coordination sphere), and then the central one (figure 6).

In conclusion, the electrochemical data offer a fingerprint of the chemical and
topological structure of the oligonuclear compounds. Furthermore, made-to-order
synthetic control of the number of electrons exchanged at a certain potential can be
achieved.

10E
1 IiOpA
’j\i
' A A 'n ' 1°C
1 l\OuA

Fe

i i i A

a4 08 12 18V

Figure 6. Oxidation patterns (or some decanuclear complexes. Fc indicates the oxidation
pesk of ferrocene, used as an internal standard.
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7. Luminescence

Light excitation in the visible absorption bands populates 'MLCT excited states in
the various components. Investigations carried out on Ru(bpy)3 * with fast techniques
indicate that the originally populated 'MLCT excited states undergo relaxation to
the lowest energy *MLCT level in the subpicosecond time scale (Carrol and Bruss 1987;
Bradley et al 1989; Yabe e. al 1989; Cooley et al 1990). If this behaviour, as it seems
likely, is of general validity for the various components of the polynuclear compounds,
the actual result of light excitation is the population with unitary efficiency of the
lowest energy *MLCT level of the component where light absorption has taken place.
If each component were isolated, as it happens in mononuclear complexes, competition
between radiative (luminescence) and radiationless decay to the ground state would
account for the deactivation of the *MLCT level, with an overall rate constant,
measured from the luminescence decay, in the range 10%-10%s™'. All the members
of the mononuciear M(BL), _,(L)?* family, in fact, display a characteristic luminescence
both in rigid matrix at 77K and in fluid solution at room temperature. When the
components are linked together in 4 supramolecular array, electronic energy can be
transferred from an excited component to an unexcited one even if the electronic
interaction is weak. In most of the polynuclear compounds examined, only a lumines-
cence band corresponding to the lowest energy *MLCT level is observed (table 2),
indicating that energy transfer from upper-lying to lower-lying levels does oceur (vide
infra).

8. Antcnna effect

The natural photosynthetic systems show that for solar energy conversion purposes
supramolecular arrays are needed which absorb as much visible light as possible and
are capabic of channelling the resulting excitation energy towards a specific site of
the array (antenna devices). The polyauclear metal complexes described in this paper
are excellent light absorbers in the entire visible region. Furthermore, efficient energy
transfer can take place between their components, as shown by the presence of only
one luminescence band for compounds which contain more than one type of chromo-
phoric units. The occurrence of energy transfer can be established by the quenching
of the luminescence of the donor unit and the sensitization of the luminescence of
the acceptor unit, and its efficiency can be estimated by comparing the absorption
and excitation spectra. The energy levels involved in energy transfer are the lowest
SMLCT excited state of each component. Because of these properties of the components
and of the stabilization of the LUMO of 2,3-dpp and 2,5-dpp on coordination to a
second metal centre, it can be expected that for the metal-containing building blocks
which are present in the polynuclear compounds the energy of the lowest (luminescent)
excited state increases (as does the oxidation potential, vide supra) in the series Os(bpy),
(125<dppF * < Osbpy)y (-2, 3-dpp)* < Os(biq),(u-2.5dppF* < Os(biq)y (2, 3dppl* <Os
(u-2.5-dpp)3 * < Os{p-2,3-dpp)3* < Ru(bpy);(u-2,5-dpp)** & Ru(bpy),(u-2,3-dpp)** <
Ru(big);(4-2,5-dpp)** < Ru(biq),(u-2,3-dpp)** < Ru(bpy)(u-2,5-dpp);* < Ru(bpy)
(1-2,3-dpp); * < Ru(u-2,3-dpp)3*.

By using the above guidelines, it is possible to design polynuclear complexes where
the component(s) with the lowest energy excited state(s) is (are) located in the desired
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position(s) of the supramolecular structure. This allows a synthetic control of the
direction(s) of energy migration after light absorption.

For the decanuclear compounds 10A-10F, the direcrions along which energy
transfer processes are exoergonic are schematically indicated by arrows in figure 7
(Denti et al 1992a). 10A dispiays a luminescence band at 809 nm that can be assigned
straightaway to the peripheral (bpy), Ru— BL excited states. The lack of luminescence
at shorter wavelengths and the constancy of the luminescence quantum yield on
changing the excitation wavelength indicate that the chromophoric groups based on
the central and intermediate Ru?* ions undergo an efficient deactivation to the
peripheral Ru-based units as expected because energy transfer is exoergonic in the
direction from centre to periphery. 10B exhibits exactly the same behaviour as 10A.
For compounds 10C and 10D, a broad luminescence band is observed at room
temperature, with a shoulder on its low energy tail. The maxima of the luminescence
bands almost coincide with those uf the bands exhibited by 10A and 10B, respectively.
The predominant emission can thus be assigned to the peripheral units. Substraction
{after normalization) of the luminescence band of 10A from that of 10C and of the
band of 10B from that of 10D yiclds a band with maximum at ~ 860 nm, as expected
for the luminescence of a central Os unit. We conclude that, at room temperature,
10C and 10D emit from both the central and the peripheral units. Such behaviour
is consistent with the fact that in 10C and 10D the lowest excited state of the inter-
mediate Ru-based units lies at higher energy (~ 2000cm ') than the lowest excited
state of the peripheral units. Thus {or 10C and 10D the two-step encrgy-transfer
process from the peripheral units to the central one (where the lowest energy excited
state of the supramolecular array is located) must be very slow since its first step is
endoergonic by ~2000cm™'. Direct (through space) energy transfer from the
peripheral to the central units is exoergonic but should be siow because of the large
separating distance. A quantitative evaluation of the energy transfer efficiency from
the peripheral to the central unit is difficult to make from luminescence quantum
yield data because of the strong overlap between the absorption bands of the various
units.

For 10E and 10F the lowest excited states are localized on the peripheral
(bpy), Os — BL units which are expected to emit around 900 nm. With infrared-sensitive
equipment (Juris e1 al 1993) luminescence bands at 900 and 892 nm can in fact be
observed for 10E and }QF, respectively. The lack of any Ru-based luminescence for
10F indicates a 100%, efficient centre-to-periphery channelling of the excitation energy,
as expected because of the energy gredient (figure 7). For 10E, deactivation of the
central Os-based unit by the peripheral ones should not occur because the first step
of this process is endoergonic. The lack of observable luminescence from such a
central unit may simply be due to the fact that most of the light, at any excitation
wavelength, is absorbed by the much more numerous peripheral and intermediate
units.

9, Conclusion

A synthetic strategy has been developed to obtain supramolecular dendritic structures
of nanometric dimensions made of metal complex units capable df a high information
content (light absorption, luminescence, redox activity). Specific metal and/or ligands
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Figwre 7. Energy migration patterns for some decanuclear compounds. Empty and full
circles indicate Ru?* and Os?*, respectively. In the peripheral positions, circles und squares
indicate M(bpy), and M(biq); components, respectively. The arrows indicate the exoergonic
energy transfer steps.

can be placed in predetermined sites of the supramolecular array by an appropriate
choice of the building blocks. 1t is thus possible to design species where several
important functions can be synthetically controlled. In particular, made-to-order
control of the number of electrons lost at a certain potential and of the direction of
electronic energy transfer can be achieved.

Because of their strong absorption in the visible spectral region and the possibility
of predetermining the direction of energy migration, these compounds can bhe used
as photochemical molecular devices (¢.g., as antennas for harvesting solar energy)
(Balzani er al 1987: Balzani and DeCola 1992, chap. 7). Because of the presence of
several interacting and/or noninteracting redox centres, they are good candidates to
play the role of multiclectron-1ransfer catalysts.
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Light-induced electron transfer in simple and supramolecular
Ru- polypyridine complexes

HEINZ DURR®*, STEFAN BOSMANN, GISELA HEPPE,
RALPH SCHWARZ, URS THIERY and
HANS-PETER TRIERWEILER

FB 11 Organishe Chemie, Universitiit des Saarlandes, D-6614 Saarbriicken, Im Stadtwald,
Germany

Abetract. In artificial photosynthesis the chief research goal is to duplicate the function of
the photosynthetic unit in nature but not its structural subunits. In this paper, light-induced
clectron-transfer processes of Ru-polypyridines as energy-storing systems, in the presence
of suitable acceptors and catalysts, are described. New highly photostable photosensitizers
are presented. A new approach using supramolecular (non-covalently) connected assemblics
in addition to covalently linked systems for energy-storing processes is demonstrated. The
use of classical and new Ru-complex assemblies in oxygen or hydrogen generation from
water is dealt with. The efficiency of the new systems in the reduction of CO, to methane
is presented.

Keywords. Electron transfer; supramoleculer photochemistry: supramolecular Ru-
polypyridine complexes.

1. Introduction

The photosynthetic unit has been characterized in Rhodopseudomonas viridis by
Deisenhofer et al (1984, 1985) and Mathis (1990). This work has stimulated intensive
photoinduced electron-transfer studies (Juris et al 1988). In the recent past, this field
has developed extremely fast and is defined today as artificial photosynthesis,
Researchers aim to duplicate nature’s functions but not its molecular design (Creutz
and Sutin 1975; Balzani et al 1978; Kiwi et al 1982; Seddon and Seddon 1984). The
complicated connections and interrelations of the different components of such
systems have led to the birth of a new field, supramolecular photochemistry (Balzani
1987; Balzani and Scandola 1990; Diirr and Schneider 1991). Natural as well as
artificial photosyntheses possess, as primordial characteristics, efficient light
harvesting units for the conversion of solar energy. The basic reaction to be realized
is light-induced charge separation leading to the cleavage of water. In artificial
photosynthesis this is achieved by sensitizers absorbing in the visible region of the
solar spectrum by electron relays functioning as short-time reservoirs of chemical
energy and redox active components that can be used for energy storage (Juris et al
1988). Catalysts play an important role in these processes concerned in lowering

*For correspondence
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kinetic barriers of the dark reactions induced by the photochemical primary processes.
The typical components for such an artificial photosynthetic unit are shown in figure 1.
The energy to be stored in a photoelectron-transfer reaction is shown in figure 2.
Following excitation an (S*~R) pair is generated. Electron transfer then produces
(S* + R 7). This pair can undergo a reaction on a catalyst to afford H, and O, {rom
water or a competition reaction §* + R~ to SR occurs, the so-called back reaction.
This leads to annihilation of the stored energy or, in other words, to waste of energy.
In order to avoid this problem a fast electron transfer (bimolecular) is necessary.
Looking for the cptimal system thus means that both unimolecula: .:nd bimolecular
light-induced processes should have high values. The main task ol modern research
in the field of artificial photosynthesis is to find a cyclic system for water cleavage.
It should possess:

(1) afast forward reaction of the radical pair (S* R ™) with a negligible back reaction.
(2) an efficient system to allow the one-electron sensitizers to carry out multielectron
redox processes as nature does.

Until today no reproducible cyclic system for artificial photosynthesis has been
found (not regarding semiconductots however, Serpone et ul 1985). Therefore, studies
of sacrificial systems are good models for photoredox processes to generate oxygen
(Henglein 1984; Harriman et al 1988; Mills et al 1988; Heppe 1994), hydrogen (Creutz
and Sutin 1975; Balzani et al 1978; Kiwi et al 1982; Diirr et al 1983, 1985; Seddon
and Seddon 1984; Kalyanasundaram 1992) or methane (Willner et al 1987) from
water or carbon dioxide. Typical parameters to be optimized in such systems are
collected in scheme 1.

‘/,/ ~

/

Catalvsls/

<

|

o ‘\\L/,x

Scheme 1. Tailor made compounds.

NS +R+H,0

lightinduced
3 process catalyzed
1 (2 S*A"+H20 thermal  reaction
IR dalhuisl

Deactivation . .

S S +R+xH.+70

Back reaction

Figure 2. Reaction scheme for the photochemical water cleavage.
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1.1 Sensitizers

From the different possible sensitizers, we have mainly focussed our interest on Ru-
polypyridine complexes (Diirr et al 1983, 1985). Good results in this field have been
obtained by various groups (Creutz and Sutin 1975; Balzani et al 1978; Kiwi et al
1982; Seddon and Seddon 1984; Balzani 1987; Balzani and Scandola 1990; Diirr and
Schneider 1991) as well as by us (Diirr et al 1983, 1985) regarding the parameters
mentioned in scheme 1.

One value however - high photostability - is still a major challenge.

A very efficient way of stabilization is the change of the MLCT versus the MC-levels
in Ru-polypyridine complexes (Balzani 1987; Balzani and Scandola 1990). Another
approach is linking the different bipyridine units in such complexes by intramolecular
bridges. This concept was advanced for the first time by Sargeson (1984). We have
used this approach to generate two types of new molecules, the Ru-coronates |
(BoBmann and Diirr 1992) and the Ru-podates (Diirr and Schwarz 1993) 2. The
synthetic scheme for | and the formula for 2 is shown in schemes 2 and 3. These two
classes of bridged Ru~polypyridine complexes pussess the photophysical properties
as shown in tables 1 and 2. All paramgciers of this new class of molecules are suitable
for artificial photosynthetic systems. One parameter, is however, especially remarkable,
i.e. photostability or the inverse, called photoanation of the bridged Ru complexes.

Table 3 shows that Ru-coronates | are among the most photostable Ru-
polypyridines. Ru-podate 2f seems to exceed even this photostability and is amongst
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Scheme 3, Ru-podate (Pod) 2.
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Table 1. Photophysical properties of Ru«(bpdz),
-polyethers and Ru-podate.

Complex Ay(nm) Aem{nm) o
2 421 457 63t 0045
2 40 4% 630 0048
2 420 459 627 00sS
2_d 422 469 616 013

Table 2. Photophysical data of Ru(bpdz),-polyethers 2a-2d
and Ru-podate 2.

1, (H,0) t.(MeOH)

Complex [ns] {ns] 1,(CH,;CN)
2 1463 + 54 2295 + 87 3154
2b 1571 + 64 2275 < 86 3136
2 1943 + 87 2480 + 114

2d 3345+ 95 3246 + 97 3448

A 1986 + 309

Table 3. Photoanation quantum yields and rates of
Ru-coronates Ic and -podates 2. Photoanation of
RyL?}*-conpounds (at 298 K).

t(ns] ¢, x 10? ?,

Ru{coronate) | 345 60 <107
Ru(podate) 2f 1986¢ 53 «10°9

*No change after 10d irradiation; ®propio-/butyro-
nitrile; ‘HZO

the best Ru-polypyridines (Rodriguez-Ubis et al 1984; Grammenudi and Vigtle 1986;
Alpha et al 1987: Diirr et al 1988, 1991) with respect to photoanation.

3. Covalently and non-covalently linked sensitizer-relay-assemblies—Supramolecular
effects

Balzani (Balzani 1987; Balzani and Scandola 1990) has shown that nature employs,
in principle, a molecular photochemical device which is used for vectorial transport of
electric charge. Thus light is converted to chemical or electrical energy (figure 3).

In principle two apptoaches to realize nature’s functions are possible. The
components of an artificial photosynthetic unit can be based on a supramolecular
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Function |Photolnducod vectorial transport of sleotric charge)
Utilization  Conversion of light into chemical or elsctricsl energy

Molecuiar photochemcal device

Role of light Thermodynamic
Nacessary functions Light absorption; alectron transfer
Components:
Interface towards light Pel
Interface towards use Pel and/~:; Rel
Qther components C, (Rel)
Supramolecular structurs  Approptiste sequential sssembly of the components; one-dimensional
(rigid) structure
Requiremonts ‘Those of Pel, Rel, C. thermodynamic and kinetic requirements
of the electron transfer acts to make the charge separation
efficiant

Example |Anificial ph . tosynthesis]
0 % A

Rel Pel Rel
. [+ c
D A

O I
E hv
X Q—\
® »
Rel Pel Rel

Figure 3, Supramolecular photochemistry - photoinduced vectorial transport of electrical
charge (adapted from Balzani 1987).

Figure 4, Model (charm calculation) of octylviologen/bpy-crown interaction.
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assembly which is linked: (a) by strong (covalent) bonds, or (b) by weaker
(non-covalent) bonds.

In these supramolecular structures energy dissipation should be fast and back
transfer -- the energy wasting step ~ should be negligible. Triads paralleling the natural
photosynthetic unit were studied by Maruyama (Osuka et al 1988, 1990), Wasielewski
(1992) and others. Lehn and coworkers (Rodriguez-Ubis et al 1984; Grammenudi
and Végtle 1986; Alpha et al 1987, Diitr er al 1988, 1991) published an absorption-
energy transmission diad.

Meyer (1990) prerared with his group the first Ru--polypyridine-containing triad.
A similar one was made by Sauvage ot al (1989).

(a) We synthesized a Ru-—polypyridine diad (Diirr et al 1989) 3. This diad contains
the sensitizer and the relay in the same molecule (scheme 4).

(b) A second approach was tested in our group by including crown-ether units at
suitable positions in the Ru—polypyridine complex 4 (Dilrr and Schneider 1991). The
structure of these complexes is shown in scheme 5 and figure 4 (showing the interaction
of ligand and OV?*). These molecules were studied by typical Stern-Volmet
techniques. MV2* and the more lipophilic octylviologen were employed as quenchers.
As figure 5 demonstrates typical nonlinear Stern—Volmer plots for quenching are
obtained. The kinetic scheme 6 shows that a complex situation prevails. MV2* and
OV?* may act in the quenching modes shown in scheme 6 (BoBmann et al 1992),

4. Oxidation of water to oxygen

The cleavage of water as has been demonstrated (vide supra) needs good light
harvesting molecules having suitable parameters in the excited state. However, to

97 ,
t I T T 1
b 8 ]
S_— ..-:
: LA
sk -
s + ]
3 *»
P * b} ]
4L . -
L * . ]
. .4-"“’. b
h - * 0)
3* . + .
. > - 1
« =+ * JREPSETEE MR
S s - PO
2+ s . . PR -
S P b
SRR ¢
J
0 b L ! ——s ]
0.0 0.5 1.0 1.5 2,0

[Q. rel]

Figure 5, Stern-Volmer plot of statical quenching of Ru~crown ether 4 with relay (MV**
and OV?*) (a) and (b) 4b'//MV?* or 4b'/OV?*; (c) and (d) 4¢/MV?* or 4c/0V3*,
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Section: A

Scheme 6. Kinetic scheme for quenching of sensitizers -4 with viologens (MV?*, OV2*),
S = sensilizers 4; Q = boundquencher in the crown either unit (MV3*, OV3*) ¢, =
luminescence lifetime in the absence of Q; k, and k, = forward and backward rate of binding
of Q, respectively; k, = unimolecular reactive rate constant of quenching in the crown ether
unit; Q. = water solubilized quencher (MV21*, OV?*),

reduce or oxidize water the excited state species must also have the appropriate redox
poter.dals.

Table 4 summarizes the redox potentials requited for water cleavage. The redox
potentials for CO, reduction (vide infra) are included as well. To study the different
reactions involved separately, many groups have investigated so called sacrificial
systems to simplify the very complex processes.

For oxygen generation nature uses the catalytic system shown in scheme 7. We
have worked with a sacrificial system for oxygen generation represented in scheme 8.

The main problem here is to exclude atmospheric oxygea rigorously, a task many
groups have struggled with (Harriman et al 1988; Milis et al 1988; Heppe 1994).

Scheme 7. Hypothetical scheme for water oxidation.
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Table 4. Redox potentials for H;O and CO; reduction and
H; O oxidation.
Reaction Potential, E°(V)
2H* + 2" ~H, —041
€O, +2H* + 26 +CO + H,0 082
CO, +2H"* + 2¢~ «HCOOH —-062
CO, +6H* + 6¢~ «CH,OH +H,0 -038
CO; +8H"* +8¢” «CH, +2H,0 -024
O;+2H* +4¢" 200" =2¢” +082
-=> CO(NH3)5C1, EC = 0.54 V (NHE)
--> NaS,0g E® = 2.1 V (NHE)
h v
2+ "
o, _—+ Ru (bpy), / [Co(NH,),C1]
3 2+
H’O Ru [bp}'): /’ Co \
Co(OH),

Scheme 8. Photoinduced sacrificial water oxidation.

Table 8. O,-production in the sacrificial system Ru-polypyridine/

CO(NH,),CI’/RUOQ-

Acceptor: Co(NH,),CICl, in acetate buffer (pH 4.75)
Catalyst: RuO,-suspension

Maximal O, yield Slope

Sensitizers (S) (1)} (u/min)
Ru(bpy),($,5'-dmbpy)Cl, 130 0-60
Ru(bp)y(4,4'-dmbpy)Cl, 120 038
Ru(bpy),(S,6-dmphen)Cl, 105 049
Ru(4,4'-dmbpy), C1, 103 027
Ru(4,4'-dmbpy); (bpy)Cl, 10-2 044
Ru(4,5'-dmbpy), C1, 90 036
Ru(phen); (4,4'-dmbpy)C1, 6.6 022
Ru(bpy);(Bp4COOTEK)Cl, 60 021
Ru($,6-dmphen), Cl, 42 o119




446 Heinz Diirr et al

We were using a set up developed by Memming, Meissner and coworkers (Memming
et al 1992).

In the sacrificial system referred to above we have generated O, as is shown in
table 5. The standard system being based on Ru(bpy)i* is exceeded in its
O,-producing ability by modified Ru-polypyridines. Donating groups in the
bipyridine moiety of Ru(L;)** have proved to be most efficient.

5. Reduction of water and carbon dioxide

The reduction of water-employing Ru-polypyridines has been studied for quite a
while by many groups (Kalyanasundaram et al 1969: Creutz and Sutin 1975; Balzani
et al 1978, Kiwi et al 1982; Seddon and Seddon 1984; Kalyanasundaram 1992). The
essential problem is to use efficient and selective catalysts. A series of Pt-metals has
been employed in these investigations. As typical examples Ru(bpy)i*-and
Ru(phen)3 * -derivatives are selected (figure 6) (Diirr et al 1985; Trierweiler 1989; Kraus

Rutbpyig? + 3655

Rul4,7-Megpheniz2 +
RAulS.5'-Megbpyiz? *
Rul4.4'-Me 2bpy)2(4,7-Meohen12 +

/
R““-"‘ﬂll'CQOMmbpy)az +
RU(‘-"'NI-COOE(-bpy):?*
5§70 584 897
= . 508 516 |7 /
VBN,
d .

1 a b ¢

s a 6 o = o

Figuee 6. Hyelrogen production depending on sensitizer (sensitizer Ru(L,)**; relay:
MPVS?®, catalyst: Ru-Sol, donor: TEOA).

“(H,)

Rulbyp)3d

Figure 7. Hj-generation rates with the caronate sensitizers 1a, 1b and le.
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' (a}

/

[ Ru(blm;)t:zyz)f‘:;m:o
‘;r-‘—_——_"___’_—/)‘
— ¥ A Rulbpylytepy

0 50 100 150 200
t {min)
3
(b)
g /
£
> 2 E] ne,.flay
1} Rulbpz pH: &
}-pH:7’ )’
) 1 i -
0 50 150 200 ,
t (min)
wi0?

{c)

~
o
¥

Factor:9

Volume methane (i}
& o

0 100 200 300 w00 100
Irradiation time (min)

0} maethane-avalution using 8 CO2/NaHCO4-bufter
(i) methane-evolution in absence of CO3 and NaHCO3

(i) mcllhuno-wulullon with (Rulbpy)32 + es sansitizer and MPVS as
ralay

Figure 8. (s, b) Hydrogen evolution in the sacrificial system containing A (3), B (4) or }
(@) as sensitizer and 2.TMV?* as relay at pHw 7 and 47. () CH,-evolution using
the sensitizer-relay-assembly 3, TEOA as donor and Ru as catalyst.
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Figure 9. H,-gencration with sensitizer-relay-assembly 4a/MV?* d4b//MV?* and 4&/MV?E*,
triethanolamine us donor, methylviologen/propylviologen-suifonate as electron relay and 4
microheterogencous TiO,-Pt-catalyst compared to Ru(bpy)}*. (a) Ru''py), PEC4a),
(b) Ru{bpdCO, Me), bpd (pentacthylene crown) 4b’; (¢) Ru(bp4CO, Et), bpd (pentacthylene
crown) 4c. {d) Ru(bpy),.

1991). Using Ru and Os catalysts instead of Pt-metals extends the scope of this
reaction considerably. In addition to H, from H,0, CH, may also be generated by
reduction of CO, (Rodriguez-Ubis et al 1984; Alpha et al 1987; Willner et al 1987;
Diirr et al 1988, 1991),

This is an interesting process which - if optimized and used on a large scal; - would
contribute to the solution of the greenhouse effect.

It has been found by Willner (Willner et al 1987), in collaboration with our group,
that Ru(bpy)3* yields H, and CH,. Employing Ru(bpz)?* as sensitizer gives rise to
a selective production of CH, (Willner et al 1987).

In model studies for our supramolecular systems we examined a series of
Ru-bipyridine and phenanthroline complexes. One of the best complexes in hydrogen
generation is the diester (Ru-4,4"-bis-CO, Et-bpy)3*) (Willner ot al 1990) (figure 6).
This is also one of the most efficient complexes producing CH, from CO,.
Ru-coronates | have been shown to produce H, despite the large sterical demand
of the sensitizers involved. However, the sterically very large Ru-complexes give about
1/6 of the hydrogen yield compared to Ru(bpy)?* (BoBmann and Diirr 1990) (figure 7).
The sensitizer-relay assembly 3 has been employed for H, and methane generation,
Itis much more efficient than the standard system as shown in figures 8a—c. Hydrogen
evolution from the supramolecular Ru(bpy), PEK?* (4)/MV2* assembly is clearly
superior to the standard Ru(bpy)3 * (se¢ figure 9). In figure 10 a schematic representation
of the mechanism of this system is given.

6. Conclusioms

It has been shown that Ru-polypyridine complexes can

(i) be stabilized with respect to photoanation by intramolecular links as in coronates

1 or podates 2;
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hv
. bDYLLH‘\:
:\ - Q
A MV Ru
S~ .
234

7_&":9
bpy .
Ru??] HUZ +
a
o
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Figure 10. Quenching model of the bis-heteroleptic-crown ether-ruthenium sensitizers 4.
(A) The quenching mechanism is diffusion controlled; the binding of MV3* in the crown
ether receptor is not observed because of its low concentration ([Q] rel s 0-0-2). (B) The
binding MV?* in the crown ether unit is the dominant process; the quenching constants
are higher than the diffusion-controlled rate of diffusion ({ Q) rel = 0-2-0-8). (C) The quenching
constants decrease; further quenching is diffusion controlled. (D) At relatively high total
concentrations electron tranafer from the bound MV3* to the free MV2* occurs, leading
10 o rapid increase in the quenching constants.

(i) undergo efficient bimolecular electron transfer in covalently or non-covalently
(supramolecular) linked sensitizer-relay-aggregates, such as 3 and 4:

(iii) be used efficiently in oxygen formation involving electron-donating groups;
(iv) be employed in hydrogen generation in classical and supramolecular systems;
(v) efficiently produce CH, from CO,.
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Photophysics of pyrene substituted oligosilanes

D DECLERCQ!', E HERMANS!, F C DE SCHRYVER'* and R D
MILLER?

‘K U Leuven, Department of Chemistry. Laboratory ol Moleculur Dynamics and
Spectroscopy, Celestijnenlaan 200F, B-3001 Heverlee, Belgium
'IBM Research Division, 650 Harry Road, San Jose, CA 95120-6099, USA

Abstruct. The absorption and fluorescence properties of 1-pyrenyl substituted permethyl-
oligosilanes are reported. The charge transfer in 1-pyrenyliridecamethylhexasilanc is explaincd
by electron transfer from the Si-Si o orbitals to pyrene in the excited state. Evidence is
found for ground state interactions in 1,3-di(l-pyrenylthexamethyltrisilane, based on
absorption and 'H-NMR measurements. The fluorescence properties of |+(1-pyrenyl)
3+(p-N,N-dimethylanilino)hexamethyltrisilune are compared with its carbon unalogue
1<(1-pyrenyl), 3-(p-N,N-dimethylanilino)propane. Ground state interactions are found for
the silicon-bridged donor-acceptor compound.

Keywords. Pyrene substituted oligosilanes; ground state interactions; silicon-bridged
compounds; exciplex; electron transfer.

1. Introduction

Polysilanes or polysilylenes are polymers which contain only silicon atoms in the
backbone. Recently, polysilanes attracted a lot of scientific interest, mainly due to
the unexpected chemical and spectroscopic properties of the completely sigma-bonded
silicon backbone (Miller and Michl 1989). The first electronic transition of oligosilanes
and polysilanes (Si,R;,. ;) occurs at surprisingly low cnergies as compared to their
carbon analogues. This transition shilts to higher wavelengths with increasing
silicon-chain length and reaches a constant value for n between 40 and 50. The
trunsition has been assigned as a a(Si -Si) —+ ¢*(Si-Si) in which the sigma electrons
are delocalised along the silicon backbone. The electronic structure and spectral
properties of oligo- and polysilanes more closely resemble those of conjugated
n-systems such as polyacetylenes than those of the related carbon-based systems such
as polyethylenc. It has been proposed that the conjugation through gauche SiSiSiSi
is smaller thun that of conjugation through rrans SiSiSiSi (Klingensmith et al 1986).
Recently, Plitt and Michl (1992) demonstrated that trans-Si, Me, , shows the expected
red shift relative to SiyMeg, but gauche-Si,Me,, does not, which is experimental
evidence for the better conjugation in a trans than in a gauche chain.

Charge transfer fluorescence has been observed for several pentamethyldisilanyl-
substituted aromatic compounds. This charge transfer was not observed for the

* For correspondence
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Figure 1. Structures and abbreviations of the compounds studied.

trimethylsilyl substituted aromatic compounds. Shizuka assigned the charge transfer
fluorescence to a state produced by electron transfer from the aromatic ring to the
Jdn orbitals of the disilane (Shizuka et al 1981, 1985). However, Sakurai et al (1990)
proposed electron transfer from the Si-Si sigma bond to the aromatic moicty in the
cxcited state. Orthogonal intramolecular charge transfer was suggested in which the
Si-Si sigma bond lies in thz plane of the aromatic ring and thus orthogonal to the
n orbitals. We reported already ihat P6 (see figure |) showed charge transfer
fluorescence although PI1, P2 and P3 showed only fluorescence from the locally
excited state {Declercq et al 1991). We concluded that electron transfer in P6 occurred
from the hexasilane chain to pyrene in the excited state, which supports the mechanism
proposcd by Sakurai et of (1990). In this paper, the charge transfer of P6 is studied
in greater detail and additional evidence on the proposed mechanism is given. P3P
and POP (figure 1) were synthesised in order to siudy the excimer formation between
two pyrene groups linked by a silane chain. P3D and P6D ‘figure 1) were synthesised
in order to study the possibility of through bond interaction. mediated by a silicor.
chain, between 2 donor (N.N-dimethylaniline) and an acceptor {pyrene).

2. 1-Pyrenylsubstituted oligosilanes: P1, P2, P3 and P6

2.1 Absorpiion properties

The absorption spectrum of P1, is comparable to that of l-methylpyrene. The
maximum of the 'La-transition is situated at 344 nm. Introduction of a disilanyl
group (P2) results in a bathochromic shift towards 349 nm. The higher homologues
P3 and P6 show a maximum at 350 and 351 nra respectively. Going from P1 towards
P6, a gradual decrease of the absorption vibrational fine structure and the molur
extinction coeflicient at the maximum is observed (see table 1 and figure 2).

The weak 'Lb transition (¢ < 1000), detected at 375 am for P1 and P2 could not be
observed for P3 and P6, dute to overlap of the ! La transition. The increased absorbance
around 250-270nm for P6 as compared to Pl, is due to the absorbance of the
hexasilane chain, tetradecamethylhexasilane has an absorption maximum around
260 nm (Gilman et al 1964). The effect of the silicon chain on the absorption spectra
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Table 1.

Absorption properties of pyrene, P, P2, P3

and P6 in iso-octane.

Compound ey Latnm)  &'La(l.mol™'cm ')
Pyrene 334 54.300
P1 344 50,600
P2 349 43.500
P3 350 38,600
P6 151 27170
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Figure2. Absorption spectra of P1{-—-)and P&(----)in {so-octane at room {emperatute.

of pyrene is remarkable if we compatre this with the carbon anzlogues of the
compounds mentioned above: t-methylpyrene and 1-ethylpyrene have an absorption
maximum of the 'La transition at 342:4 and 3426 nm, respectively (Reynders 1988).
It can be concluded that aithough the electronic transition is still recognizable as

perturbed pyrene n — n* transition, there is an interaction in the ground state between
a saturated silicon system and pyrene.

2.2 Fluorescence properties

The fluorescence maxima of Pt, P2 and P3 are situated around 390nm, and they
are not dependent on solvent polarity. The fluorescence decay, recorded by means
of the ‘single photon timing’ technique, couid be aaalysed as monoexponential decay.
This fluorescence can be attributed to a n* -z pyrene fluorescence. The respective
fluorescence quantum yields, ®f, together with their fluorescence decay times, are
given in table 2.
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Table 2. Quantuin yields and (luorescence decay times in
iso-octane at 25°C.

Compound o, tns) k1057 disc

Pyrene 22

Pl 080 324 25 019
P2 075 282 27 025
P3 074 230 32 026
Po 047 164 61 —

The fluorescence rate constants can be calculated using the fluorescence quantum
yield and the fluorescence decay time. kf increases on going from pyrene towards P3.
The fluorescence of pyrene occurs from the 'Lb state. The increase of kf could be
due to a contribution of the 'La state in the lowest excited state, which increases the
transition probability. It has already been suggested that ®ic is very small for planar
polycyclic aromatic compounds such as pyrene (Wilkinson 1975), so that ®isc can
be calculated using (1 — @f). Going from P1 towards P2 results in an increase of ®isc
by a factor 1-5, probably due to the introduction of a second heavy silicon atom.
However, introduction of a third silicon atom in the silane chain does not affect ®isc
that much. The same value of ®isc within experimental error was obtained using Laser
Induced Photoacoustic Spectroscopy (LIOAS) (Van Haver et al 1992).

In contrast with P1, P2 and P3, the fluorescence of P6 is dependent on the solvent
polarity (Declercq et al 1991). A change from iso-octane to ethylacetate as solvent
results in a bathochromic shift of the fluorescence maximum from 390 to 476 nm and
a decrease of the fluorescence quantum yield from 047 to 005 (figure 3). The
fluorescence decay in iso-octane could be analysed as a monoexponential function,
which indicates that the charge transfer state is produced very rapidly. The
fluorescence rate constant kf of P6 in iso-octane is much larger than the kf of P1, P2
and P3 (table 2), which indicates that the fluorescence from the charge transfer state
is faster than from the locally excited state. Using the Lippert-Mataga formalism
(Von Lippert 1957; Beens et al 1967), the dipole moment of the excited state can be
calculated as 21D, assuming 6 A for the solvent cavity radius p. This indicates
that in the excited state, a very polar species is produced, in which the charges are
separated over more than 4 A. This polar species is attributed to a charge transfer
state, which is produced by electron transfer from the hexasilane chain towards pyrene
in the excited state. The fact that no electron transfer is observed for P1, P2 and P3
can be explained based on the change of free energy for electron transfer. The AGY,
values can be calculated using the redox potentials of the respective permethylated
silane chain and of pyrene, the excitation energy and the Coulombic stabilisation
energy. If the redox potentials are measured in acetonitrile, the Coulombic attraction
energy can be neglected. If it is assumed that the oligosilane chain acts as a donor,
Etua-y+ hvg o equals 1-18eV, and E7),  of Si,Me,, Si;Me, and Si,Me, , equals
1.880, 1:520 and 1-075eV, respectively (Boberski and Allred 1975). It can then be
worked out that AG;, will be negative for P6 and positive for P1, P2 and P3. Thus,
electron transfer is possible from the hexasilane chain towards pyrene in the excited
state due to the lower redox potential of the hexasilane chain.

AGL =Ejp 5= Elgja-)— o0 — e? /(4nsoe,1).
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Figure ). Fluorescence spectra of P6 in isv-octane (——) and ethylacetate (--++/)

The fluorescence spectrum in benzene does not change upon cooling the solution
from 10°C to a rigid matrix at — 3-3°C, beneath the melting point of benzene. This
suggests that no rotation is necessary to have intramolecular charge transfer in P6,
which has been proposed by Sakurai (Sakurai et al 1990) for the phenyldisilanes.

3. Bipyrenyl-substituted oligosilanes: P3P and P6P

The absorption spectrum in iso-octane of P3P clearly differs from that of its reference
compound P3, which is an indication that the two pyrene groups interact in the
ground state. However, almost no differences in the absorption spectra of Pé and
P6P can be observed (figure 4).

The '"H-NMR spectra of P3P and P6P were analysed and compared with those
of their reference compounds. A strong shielding is observed for the aromatic sighals
of P3P, compared with P3, which indicates that the two pyrene groups exert ring
current effects in the ground state (figure 5). These effects are much smaller for P6P
compared with P6, suggesting that the average distance between the two pyrene
groups is larger in the latter bichromophore.

The large shielding effects in P3P were not observed for the related carbon
compound 1,3-(di-1-pyrenyl)-propane, which is an indication that the two pyrene
groups in the silicon system have a much larger tendency to come together in the
ground state than in the carbon-based system. It should be emphasized that the Si-Si
bond length is 2:35A, a value much larger than the CH,-CH, bond, so that the
methyl groups on the silicon atoms do not hinder the rotation of the silicon chain.
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Figure$. Ad = 8(P3IP) — 5(P6)and Ad = 6{P6P) — (P6) [or the pyrene protons of the silicon
compounds (48) and for the related carbon compounds (@) in CDCl,.

One can conclude that the hexamethyltrisilane chain is more flexible than the propane
chain. Welsh and Johnson (1990) calculated the energy barrier for the rotation of
a Si-8i bond in all-trans poly(dimethylsilane). The maximum energy barrier was
located at the cis conformation, 275 kcal.mol~! higher in energy than the trans,
which is indeed in sharp contrast with the relatively high barriers ( > 6 kcal.mol™!)
in the case of n-alkanes.

The emission spectrum of P3P is dominated by a broad, solvent-independent
fluorescence band, which can be assigned to excimer fluorescence (Declercq et al
1991). However, the fluorescence of P6P is dependent on the solvent polarity, and
can consequently not be described as an excimer fluorescence. The fluorescence
maximum depends on the solvent polarity, in the same way as for P6, so that the
excited state of P6P can also be explained as a ¢(Si-Si) —» n* charge transfer state.

4. Donor-acceptor substituted oligosilanes: P3D and P6D

The differences in the absorption spectra of P3D and its reference compound P3 in
iso-octane indicate interactions in the ground state P6D and P6, however, show
similar absorption spectra (figure 6). The fluorescence of P6D is dependent on the
solvent polarity. The dependence of the fluorescence maximum on the solvent polarity
term f — 1/2f = (e — 1)/(2c — 1) — (n* — 1)/2(2n® + 1) is the same as for P6, so that the
dipole moment of the excited state of P6D should be approximately the same as for
P6 (figure 7). However, the Stokes shifts of P6D are systematically larger than those
of P6, suggesting an additional interaction of the N,N-dimethylaniline group with the
a(Si-Si)— n* charge transfer state. N.N-dimethylaniline is a better donor than tride-
camethylhexasilane, so that electron transfer could occur from N,N-dimethylaniline
towards pyrene by mediation of the hexasilane chain.

P3D also shows a solvent-dependent flluorescence spectrum. Using the Lippert-
Mataga formalism (Von Lippert 1957; Beens et al 1967)-, the dipole moment of the
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Figure 7. Fluorescence maxima of P6D, P6 and P3D in function of the solvent polurity
term S -4/

Table 3. Compurison of the absorption and fluorescence properties
of P3D and P¥D.

P3D PiD

'L.a absorption maximum 151 nm 342nm
Maximum exciplex fluorescence 467 nm 477nm
Hocrptes 143D 122D

; 0012 0247
T, 057 ns 373ns
1, 312ns R8-1 ns
A, /A, (exciplex region) -064 -1

excited state of P3D is 143D, a value which is comparable with 12:2D of the
related carbon compound 1-(1-pyrenyl, 3-(p-N,N-dimethylanilinopropane)) (P3'D)
(Imbayashi et al 1988). The photophysical properties of P3D and its carbon analogue
P3¥'D are compared in table 3.

It is immediately clear that the fluorescence quantum yield is much smaller for
P3D than for its carbon analogue. The fluorescence decay in the exciplex region
could be fitted to a difference of two exponentials, with two decay times which are
much smaller than the ones of the carbon system. This could suggest that exciplex
formation in P3D is much faster than in P3'D. In contrast with P3'D, the ratio of
the negative pre-exponential factor to the positive pre-exponential factor (4,/4; in
table 3) deviates from — 1, which suggests that the Birks kinetic scheme is not
applicable to exciplex formation i P3D (Reynders at al 1990) and that there is
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interaction in the ground state between the donor and the acceptor. Further, the
differences in the absorption spectra of P3D and P3 and the differences in the
excitation spectra of P3D, measured in the locally excited state wavelength region
and in the exciplex region, give additional evidence for the interaction between the
donor and the acceptor. It is important to note that the fluorescence spectrum of
P3D in benzene does not change upon cooling from room temperature to — 3-3°C,
below the melting point of benzene. Further, X-ray analysis showed that the trisilane
chain is not folded but in an extended conformation so that the pyrene and
N, N-dimethylaniline can not interact through space. The fact that the fluorescence
is the same in solution as in a rigid matrix indicates that the trisilane chain does not
need to rotate to ensure exciplex emission, which suggests that through-bond effects
might be important in the interaction between pyrene and N, N-dimethylaniline.

8, Conclusions

Delocalised sigma systems can act as donots in the fluorescence quenching of aromatic
compounds, provided that the ionisation potential of the sigma system is low enough:
electron transfer is observed from the hexasilane chain towatds pyrene in the excited
state in P6. However, no electron transfer occurs in P3, due to the higher ionisation
potential of the trisilane chain, a shorter delocalised system than the hexasilane chain.
It has been shown that the twe pyrene groups in P3P tend to come together in the
ground state, which is not observed in the carbon analogue where the dimethylsilane
groups are replaced by CH, groups. This suggests that a hexamethyltrisilane chain
is more flexible than a carbon chain. The fluoresence of P3P is characterised as
excimer fluorescene and P6P shows a o(Si-Si) -+ n* charge transfer, such as with P6.
P3D shows exciplex fluorescence and it is proposed that the observed interactions
between pyrene and N,N-dimethylaniline could be mediated through the trisilane
chain.
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Kinetics of charge transfer reactions in photoelectrochemical cells

R MEMMING

FB Physik der Carl-von-Ossietzki-Universitiit Oldenburg and Institut fiir Solarenergicfor-
schung (ISFH), SokeluntstraBe $, D-3000 Hannover 1, Germany

Abstract. In the present paper, fundamental aspects of charge transfer processes at semi-
vonductor particles and extended clectrodes are analyzed and compared. Aithough, in
principle, the same reactions occur at particles and electrodes, different factors, such as light
intensity, particle size, udsorption of electron donors or acceptors and formation of spuce
vharges, influence the reaction rates and sometimes even the reaction route. It is shown that
rate constants are preferably determined from measurements at extended electrodes. Various
mechanisms are discussed in detail.

Keywords, Semiconductor-electrodes; semiconductor-particles; kinetics.

1. Introduction

For almost 20 years many research groups have been studying and developing solid
state devices, photoelectrochemical and photochemical systems with respect to
convetsion of solar energy. From this research it has became quite clear that high
conversion efficiencies can only be obtained with heterogeneous systems. From this
point of view, systems containing solid-solid and solid-liquid interfaces are of
particular interest, Solid-solid systems, such as for instance pn-junctions, are adequate
for conversion of solar energy into electricity, whereas semiconductor-liquid systems
can, in principle, be used for the production of electricity as well as of storable
chemical fuel,

During the last decade, many reactions in semiconductor suspensions and colloidal
solutions besides processes at extended electrodes have been extensively studied.
Various aspects of this research have been summarized in review articles. Restricting
ourselves to the last decade, review articles have been published on photoelectro-
chemical conversion by Gerischer (1979), Tributsch (1982, 1988), Lewis (1984), Hodes
{1985), Memming (1988, 1990, 1991), on charge transfer reactions at semiconductor
electrodes by Pleskov and Gurevick (1986), Morrison (1980), Jaecgermann and Tributsch
{1988). Memming (1983, 1993) and Gomes and Cardon (1982) and on semiconductor
particles by Henglein (1988, 1989) and Bahnemann (1991). In the present paper, the
kinetics of reactions at semiconductor electrodes and particles will be compared with
the main emphasis on the question of which factors determine the reaction rates in
both cases,

2. Reactions at semiconductor particles

Since a semiconductor crystal or particle is a multi-atom or a multi-electron system,
the electron energy levels are usually degenerated into energy bands. The distance
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between the conduction and valence bands can be determined by absorption
measurements, from which an absorption edge can be determined. The energy position
of the conduction and valence band is usually entirely determined by the liquid
contacting the semiconductor electrode or particle. This result is due to the strong
interaction between the semiconductor surface and the electrolyte, such as for instance
water, as proved experimentally by capacity measurements, which can be performed
only with electrodes and not with particles (see also §3). Accordingly. the positions
of the conduction and valence bands at the surface of a semiconductor do not change
upon addition of an electron donor or acceptor, such as a redox system, to the
electrolyte. The absorption of the colloidal particles changes, however, if their
dimensions become smaller than about 5 nm. On decreasing the size, at first a larger
gap is observed, the finally — at very small diameter - exciton bands occur in the
absorption spectra. Since the long range interaction disappears, quantization of the
energy bands occurs. The exciton formation in small particles is due to a stronger
coulomb interaction within the limited space in small particles. The energy levels in
a particle have been calculated by using a simple quantum mechanical model for a
particle in a 3-dimensional box (see e.g. Weller et al (1984), Rosetti et al (1985)). An
exact position of the energy levels of the extremely small particles cannot be
determined. One can only estimate it by studying electron transfer reactions from
the conduction band of the particle to an electron acceptor during light excitation.
One example is the reduction of protons at Snm PbSe- and HgSe-colloids, which
has only been observed with small and not with big particles (Nedeljkovic et al 1986,
Micic et al 1992). Accordingly, the conduction band of big particles occurs at energies
below the H*/H,-redox potential and above it in the case of quantization.
Concerning photo-induced charge-transfer reactions at small or big semiconductor
particles, such processes are only possible if both oxidation by hole transfer and
reduction by electron transfer occur simultancously, as illustrated in figure 1b.
Accordingly, the slowest reaction step determines the overall rate, as expected in the
case of excited aromatic molecules also. On the other hand, if no electron acceptor

0C

o]

M
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m

aold> dsc b) d<<dsc

Figwre 1. Election- and hole transfer at large (a) and small (b) semiconductor particles to
an electron acceptor A and donor D,
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is present in the solution, then the photoexcited electrons may be trapped at surface
sites, as found with colloidal TiO, (Bahnemann et al 1984). These electrons exhibit
a characteristic transient absorption spectrum, which can be easily measured by laser
flash spectroscopy because of the large surface area of the TiO; colloidal solution.
Also the trapping of holes has been observed when electrons are efficiently scavenged.
Corresponding transient spectra of trapped holes have been found with TiO,
(Bahnemann et al 1984) and CdS-particles (Baral et al 1986).

As discussed above, electrons and holes produced by light excitation in a small
semiconductor particle can be casily transferred to an electron-acceptor and -donor,
respectively, provided that the energetic requirements are [ulfilled. The quantum
efficiency of the reaction depends on the transfer rate at the interface, on the recom-
bination rate within the particle and on the transit time, the latter being given by
(Griitzel and Frank 1982),

t= R3/n3D, (1

where R is the radius of the particle and D the diffusion coeflicient of the cxcited
charge carriers, Taking a typical value of D 20:1cm?s™! and a radius of 10 nm, the
average transit time is only about 1ps. This value is much smaller than that for
recombination, which is usually greater than several nanoseconds. Accordingly, the
kinetics of a reaction is mainly determined by the surface properties of a particle.
Besides surface effects, particles behave like excited organic molecules,

Mostly, oxidation and reduction of organic molecules have been studied in semi-
conductor suspensions and colloidal solutions. This implies that two charges per
molecule have to be transferred before a stable state is reached. Taking the oxidation
of ethanol as an example, the transler of two electrons to a particle leads to the
formation of aldehyde. This reaction has been studied at different semiconductor
particles such as TiO,, CdS and ZnS by using H,O or O, as an electron acceptor.
In the case of TiO,, SnO, and CdS, only acetaldehyde is formed, whereas with small
ZnS-particles butanediol was also formed as an oxidation product (Miiller et al 1993),
The latter result can be expluined by a single-hole transfer from an excited ZnS-particle
to ethanol, leading to the formation of a hydroxyethyl radical which diffuses into the
solution. There it undergoes dimerization and disproportionation by reacting with
another radical, as illustrated in figure 2 (Miiller et al 1993). A similar mechanism
has been proposed by Henglein et al (1984), who observed the formation of pinalcol
at nm-particles of ZnS in the presence of 2-propanol, using CO, as an electron acceptor.
Cross-reaction products have also been reported. For instance, Yanagida (1991 -
private communication) has observed the formation of pinalcol at small CdS-colloids
with an excess of 10mol % of $2~ when using methanol as an electron donor and
benzophenone as an acceptor. It should be mentioned that some published experimental
data on reaction products at ZnS- and CdS-colloids are controversial. This is due
to very complex surface chemistry, as studied in detail by Miller et al (1993). Already
the synthesis of the particles plays an important role, for instance, whether the ZnS-
particles are prepared "2 a solution with an excess of $? - or Zn?*-jons. A discussion
of the influence of the surface chemistry on the kinetics, however, would be beyond
the scope of the present paper.

It is interesting to note that acetaldehyde but no butanediol is formed at excited
TiO;, SnO, and CdS-particles. Here also a hole is transferred to ethanol, leading to
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Figure 3. Two-step oxidation of ethanol at small TiO,-particles ("current doubling effect™)
during illumination.

the formation of a radical. Since, however, the energy bands occur at much lower
energies, an electron can be injected into the conduction band of these materials
(figure 3), i.e. aldehyde is formed immediately at the same particle. Here, a second
clectron is created in the conduction band besides the other one produced by light
excitation. This is possible hecause in a semiconductor-particle the density of energy
states is high. In this aspect, even a small particle differs considerably from an excited
aromatic molecule. The different behaviour of Zn$ as compared to the other semi-
conductors becomes clear by comparing the position of the energy bands with respect
to the redox potentials of the ethanol/radical- and of the radical/aldehyde-couples,
the latter being determined by Lilie ot al (1971) (see figure 4), The phenomenon that
both cnergy bands are involved in the oxidation of organic molecules is well known
from investigations with semiconductor electrodes (“current-doubling-effect™). For
details see e.g. Memming (1983).
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Figwe 4, Encrgy scheme of various semiconductors (left) and redox potentials of the
ethanc!/aldehyde system (right).

Returning to the oxidation of C; HyOH to the radical by a single hole transfer at
an excited ZnS-particle, the question arises as to why this radical i3 not immediately
further oxidized to the aldehyde by a second hole transfer, which is energetically
feasible. Concerning this problem, it has to be realized that this second hole has also
to be generated by light excitation, and that it may take a considerable time uutil a
second photon is absorbed by the same particle. This time interval can be estimated
as follows.

Taking a 3-nm ZnS-particle as at: example, its absorption cross-section o can be
calculated from the Mie-theory (Ribarsky 1985). We thus obtained o = 54 x 10~ '®cm ™2
at a wavelength of 320 nm. Using light intensity of 3 x 10! photons ecm~2s~!, the
time interval between two absorption incidents is, on the average, about 60 ms. Within
this period, a radical formed by hole transfer can certainly diffuse away from the
particle, which explains the formation of butanediol in the solution (figure 2). Since
the absorption cross-section increases with the diameter of the particle, the time
interval between two absorption incidents in an individual particle decreases. For
instance, in the case of a 4-um-particle o = 1-3 x 10”"cm ™2, and the time interval is
of the order of 100 ps for the same photon flux, i.e. 1t is shorter than for 3-nm-particles
by 8 orders of magnitude. According to this estimate, it was predicted several years
ago that the reaction mechanism may change due to this particle size effect (Memming
1988). Recently, we succeeded in proving this effect also by studying the oxidation
of ethanol at small (3 nm) and big (4 um) ZnS-particles. As shown in figure 5, butanediol
is only formed at the 3 nm-particles, whereas aldehyde was formed with 4 um-particles
(Miller et al 1993).

Electrochemical investigations with semiconductor electrodes have shown that a
space charge layer exists below the surface, ie. energy bands are bent. This occurs
of course also in a particle, as already illustrated in figure 1a. The thickness of the
space charge layer depends on the doping, i.e. it is large for a low doping density
and small for a large doping. Typical values of the thickness are of the order of
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d, = 10" %cm for a density of 10'”cm 3, Since there is an energy barrier for electrons
(figure 1a), the question arises whether this barrier influences the kinetics and therefore
the transfer rate of reactions at particles of a size d > d,. Since the electron density
at the surface can be rather small, the rate of the electron transfer to an acceptor
and consequently the rate of the overall reaction will be small. In such a case, the
recombination rate will increase. On the other hand, the holes created by light excitation
are driven towards the surface because of the electrical field across the space charge
layer. This leads to a negative charging of the particle, causing a flattening of bands,
30 that electrons are more easily transferred (see dashed line in figure 1a). The actual
rates of the two processes, i.e. electron and hole transfer, finally depend on the rate
constants.

3. Reactions at extended electrodes

Frequently it is difficult to get an insight into the mechanism of reactions at particles
because the two processes, reduction of the electron-acceptor and oxidation of the
donor, always take place at the same time. In many cases, it is easier to study reactions
at semiconductor electrodes because one of two processes can be avoided by polarizing
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the electrode. The charge transfer process can be analyzed in terms of partial currents
in the dark and under illumination, as schematically illustrated for an n-type semi-
conductor electrode in figure 6. The cathodic current corresponds to the reduction
of an electron acceptor and the anodic current to the oxidation of a donor. Since
the latter current is increased by illumination, the corresponding process requires
holes. Under open circuit conditions (j = 0), the electrode potential occurs at U,
under illumination the open circuit potential is shifted to U ,, i.c. to a potential at
which anodic rhot. irrent and cathodic dark current are equal. This shift to the
openci- . . - s the same as that already discussed for the big particles in §2
(see also ..~ - “eans a decrease of band bending. Assuming again that the
cathod. reac onis  conduction band process, the current is given by

o= My (2)

v

in which ¢, is the concentration of the electron acceptor in a number of molecules
or ions per cubic centimeter, n, the electron density (cm~*) and k_,, a second-order
rate constant (in cm*s™*'). Using the theories of Marcus (1964) and of Gerischer
(1960, 1961), the rate constant is given by

K. pea= kM expl —(E. — E}

c, red c. re

+ A)?/4kT A1, )

redox

in which E_ is the lower edge of the conduction band, E, ,,,,, the standard energy
potential of the redox system (electron acceptor) and 4 the recrientation energy. k™*

¢, red

is the maximum rate constant for (E, — Eﬂ_m,” + A)=0. The electron density at the
surface n, is related to the bulk density n, by

n,=ngexp(—eo, /kT), 4)

in which ¢, is the potential across the space charge layer, as shown in figure 7b.
Inserting (4) into (2), one has:

j- = Ekr. redCax M0 exp( e e¢,‘/kT) (5)
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Figure 7. () Mott-Schottky plot of the space charge capacity of n-GaAs in 0-1 M H,;80,
ufter anodic (+ 1 V) snd cathodic (— 0-8 V) prepolarization. (b) Energy bands at flatband
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According, the cathodic dark current increases exponentially with the potential across
the space-charge layer. The latter can be determined by measurements of the space-
charge capacity, which is given by the Mott—Schottky equation (Memming 1983),

1. 21‘1?,,-")1(??5_ )
VCu ( €€ kT ' ©

in which ¢ is the dielectric constant of the semiconductor, ¢, the permittivity of the
free space and L, ., the effective Debye length given by

LD. ot ™ [(BBokT/Znoel)]m. (7)

Corresponding measurements have been performed with many semiconductor electrodes,
one example (1-GaAs) is given in figure 7a. Since 1/C2 is plotted versus the electrode
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potential Ug, an extrapolation of the curve to 1/C2 =0 yields the so-called flatband
potential (Ug= U ;). Accordingly we have

U =Us—Up, (8)

Using this question, one should predict from (5) that a plot of logj~ vs. ¢, or Uy
should yield a straight line with a slope of 60mV/decade. The rate constant can be
obtained by extrapolating such a curve to the equilibrium or redox potential and
determining it by using (5). The potential across the space charge layer 92 for the
equilibrium case can also be taken from the capacity measurement,

Unfortunately, not many current-potential curves have been evaluated according
to this model. There is one example (n-ZnO) given in the literature where the cathodic
current really increases at 60 mV/decade, as required according to (5). Morrison (1969)
has investigated the current-potential behavior of ZnO in aqueous electrolytes using
various redox systems (electron acceptors). Evaluating these results in terms of rate
constants, one obtains values of k. ., €107 '®cm*s”!, depending on the electron
acceptor (Memming 1993). These data are in accordance with theoretical values
obtained by using Marcu$ (1964) or Gerischer's (1970) theories. Recently, Lewis
(1991) has estimated from these theories a maximum rate constant of k™% =10"1"
to 10" *¢cm*s~' (compare also with (3)). Rate constants of k, ,,, < 10" '®cm*s™!
determined experimentally are reasonable if one inserts values of the reorientation
energy of A =05 to 1-0eV into (3).

However, there are several other current—potential curves published in the literature
where these curves exhibit a slope considerably larger than 60 mV/decade. The origin
is not clear yet. In some cases it may be due to a change of the potential across the
Helmholtz layer because of a change of the surface coverage. For instance, the
Mott--Schottky curve may be different lor anodic and cathodic prepolarization, as
shown for n-GaAS in figure 7a. Obviously, here a hydroxyl surface being formed
during anodic prepolarization, is changed into a hydride surface after cathodic
prepolarization (Schréder and Memming 1985). This leads to a shift of the energy
bands at the surface. Since such a shift also changes the energy distance between
conduction barid (E,) and the standard redox potential (EJ , ,,.) in the exponent in
(3), the rate constant is also changed. Recently, the kinetics of hydrogen evolution ut
n-GaAs electrodes has been studied in more detail by performing impedance spectro-
scopic and current-potential measurements simultancously. However, protons act
here as electron acceptors (pH 3.5). From impedance spectroscopy analysis the space
charge capacity C,  was determined (Uhlendorf 1993). Since there is a fixed relation
between C, and ¢, (6), the potential across the space charge capacity could be
determined for all currents. The result, ie. /™ vs. ¢, is given by the solid line in
figure 8. Here, the slope of log /™ vs. ¢,, corresponds to 60 mV/decade, as required
by (5). This result is of special interest because the rate constsnt dcrived from this
curve is of the order of k., =10"'2cm*s™", ie. it is 4 to 5 ovders of magnitude
higher than the maximum value of k™3, =10"'® to 10~ '7cm*s™" estimated theo-
retically. On the other hand, an excellent fit can be obtained by comparing the
experimental curve with a theoretical j — ¢, -curve deiived from the thermionic
emission model, the latter being given by Memming (1987):

- - z'l‘:)'”’i'g (_94’,)
JI=AT (m, Nt o ) ®
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Figure & Current vs. potential across the space charge layer at n-GaAs in H,80, (pH 3):
solid line — experimental data; dashed line - theoretical curve calculated from the thermionic
emission model. (From Uhlendorf et al 1993).

in which m* is the effective electron mass and m, that in free space, N, the density
of energy states at the lower edge of the conduction band, and 4 is a constant = 120A
em~2K ™2 This equation has been derived originally for semiconductor-metal
junctions on the basis that all electrons reaching the surface are transferred with a
probability of unity, i.e. the current is actually determined by the electron transport
from the bulk to the surface of the semiconductor (sce e.g. Sze 1981).

The question arises as to how to explain such a high rate constant. In connection
with this problem it should be mentioned that the analysis of the impedance spectroscopy
measurements is based on a model in which hydrogen atoms are bonded or adsorbed
on the electrode surface (Butler--Volimer or Heyrovsky mechanism), which cannot
be derived here. Accordingly, an electron transfer between the semiconductor and an
adsorbed electron acceptor is involved, and obviously this is extremely fast, so that
the electron transport in the semiconductor is a limiting step. There are a few other
current-potential curves published in the literature which also indicate an extremely
high rate constant. Examples are the reduction of H,0, at n-GaAs (Minks et al
1989) and of ferrocene at p-GaAs (Rosenwaks et al 1992). In the latter case (reduction
of ferrocene), the rate constant has been determined by fluorescence decay measurements,
Also these large rate constants can only be interpreted assuming adsorption of the
clectron acceptor as also assumed by Nozik (1993).

So far we have discussed only the determination of rate constants for an electron
transfer from the conduction band of an n-type semiconductor to an electron acceptor
in the dark. As illustrated in figure 6, an anodic photocurrent occurs under illumination.
This current is due to a hole transfer from the valence band to an electron donor or
due to anodic decomposition, In this case, the anodic current is given by

—I: l""ekv.cncl'clpl‘ (10)
with

p, = p.expled, /kT), an
where p, is the hole density at the inner edge of the space charge. Since holes are

minority carriers in the n-type electrode, p, differs from p,, and during light excitation
P> po. In addiion, the photocurrent is entirely determined by the light intensity,
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so that p, or p, are not known. In order to evaluate a rate constant, the anodic
ptocess has to be measured with a p-type electrode of the same material, in which
holes are majority carriers. Since the position of energy bands is usually identical for
n-and p-type electrodes, the same rate constant should be valid for the n-type electrode.
A quantitative evaluation is possible by using the quasi-Fermi level concept, as
described by Reineke and Memming (1992),

Finally it should be mentioned that the slope of 60 mV/decade of a current-potential
curve, as required according to (5), is also obtained when the reaction is diffusion-
controlled (reversible reaction). In this case, the origin of this slope is due to the
Nernst law with respect to concentrations of the components of the redox system at
the surface (Reincke and Memming 1992). Accordingly, the current-voltage behavior
has to be measured and analyzed by using a rotating disc electrode, in order to
distinguish between kinetic and diffusion-controlled reactions (Meissner and
Memming 1992).

4, Conclusions

In the present paper it is shown that, in principle, the same reactions occur at particles
and at extended electrodes, but different factors, such as absorption of light, particle
size effect, adsorption of the electron donor or -acceptor and formation of a space
charge influence the reaction rate. The best way of determining the rate constant is
by the analysis of current-voltage curves.
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Cis-trans photoisomerization of 1,2-diarylethylenes: Effect of charge
transfer interactions

U MAZZUCATO*, G G ALOISI and F ELISEI
Dipartimento di Chimica, Universitd di Perugia, 1-06123 Perugia, Italy

Abstract. This paper describes the results of an extensive study of trans—cis
photoisomerization of various 1,2.diarylethylenes (DAE). The structure effect on the
competitive radiative and reactive deactivations and on the isomerization mechanism
(singlet/triplet, diabatic/adiabatic) is discussed. The effect of charge-transfer (CT) interactions
of DAE with elec.ron donors and acceptors are then presented. Triplet-induced isomerization
is generally the common effect in non-polar solvents, und is particularly efficient when u
heavy atom is involved. Typical examples of CT-induced triplet photoisomerization of DAE
by electron donors and acceptors are llustrated. New results on some fluorescent cis
compounds are also reporied. Prevalent radical ion formation in polar solvents is shown
to generally quench isomerization from trans to cis but to induce isomerization lrom cis to
the more stable trans radical ion.

Keywords. Photoisomerization: diarylethylenes; charge-transfer; triplet induction; rudical
ions.

1. Introduction

Stilbene analogues, the 1,2-diarylethylenes (DAE), have been the object of deep
investigations during the last decade. Sustained interest in such molecules lies in the
fact that they are simple models for the study of cis-trans photoisomerization around
the ethylenic bond (Saltiel and Charlton 1980; Saltiel and Sun 1990) and of s-cis-s-trans
(photo)isomerization around the quasi-single bond between the aryl and the ethylenic
bridge (Mazzucato and Momicchioli 1991) as well as in the inherent importance of
these processes for applicative research (photography, photochromism, processes of
biological interest such as vision etc.).

Recent studies on photoisomerism of DAE have shown that the excited-state
propertics depend to a large extent on the size and nature of the aryl groups linked
to the ethylenic bridge (Bartocci et al 1992; Mazzucato 1982, 1987).

Greater attention has been paid to the trans isomers, where fluorescence,
isomerization to cis in S, (singlet mechanism) and intersystem crossing (ISC)
(eventually followed by isomerization in T\, triplet mechanism) are the competitive
deactivation channels of the S, state. In the parent molecule, stilbene (8), the avoided
crossing between the S,(B,) energy curve as a function of the twist angle around the
central double bond (with the energy increasing by twisting towards 90°, at the perp

* For correspondonce
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configuration) and the upper (doubly excited?) S,(4,) curve {(with an “ethylenic"
minimum in the perp configuration) leads to the well known and widely accepted
diabatic isomerization mechanism in S,. From the trans side, this pathway involves
an activated 'trans* — 'perp* twisting towards the energy minimum, followed by
internal conversion to the ground state configutation, %perp, and almost 50:50
partitioning to the stable trans and cis isomers (Saltiel and Charlton 1980; Saltiel
and Sun 1990). When a phenyl group (P) of stilbene is replaced by larger polycyclic
aryl groups of gradually decreasing S, and T, energy, such as naphthyl (N),
phenanthryl (Ph), chrysenyl (C), pyrenyl (Py) and anthryl (An) groups, the S, curve
shifts towards lower energies (more in the trans and cis than in the perp geometry)
while the S, curve is less affected by the aryl substitution. Therefore, the S, —§,
crossing is no longer possible and a maximum, instead of a minimum, is present at
90° in the S, energy curve. The activation energy to twisting in §, does gradually
increase (Mazzucato 1982, 1987), thus leading to a decrease in the isomerization
quantum yield in §,, '¢,.., and can become insuperable at room temperature. The
competitive processes of fluorescence (possibly accompanied by some internal
conversion) and ISC are then much more favoured, their relative amounts being
determined by the nature of the aryl groups (Bartocci et al 1992). When ISC is
substantial, the triplet mechanism can maintain an overall high isomerization yield,
unless high barriers to trans* — 3perp* twisting completely inhibit the trans to cis
isomerization, as in the case of the anthryl derivatives (“one-way" isomerization, only
from cis to trans) (Sandros and Becker 1987; Arai et al 1988, Tokumaru and Arai
1992). A suitable choice of the aryl groups linked to the central ethylenic bridge
allows the gradual tuning of the cis-trans photoisomerization from a singlet to a
triplet pathway and finally the inhibition of the reaction in the trans — cis way.

From the cis side, the torsional barriers are always lower compared with those
from the trans side. Therefore, when a maximum instead of a funnel is present at the
Iperp* configuration, a direct adiabatic mechanism (‘cis* - 'trans*) can become
operative in both the singlet (Spalletti et al 1991; Mazzucato et al 1993) and triplet
(Arai et al 1988, Tokumaru and Arai 1992) manifolds.

The fluorescence of trans-DAE is quenched by charge transfer (CT) interactions
with clectron donors (e.g., amines) or acceptors (e.g., cyano-aromatics) and exciplex
formation, as evidenced by their typical emission bands, is observed in non-polar
solvents (Aloisi et al 1980, 1988; Aloisi and Elisei 1990; Elisei ¢t al 1992). Singlet-
induced CT interactions may result in enhanced formation of DAE triplets in
non-polar solvents (Elisei et al 1990; Aloisi et al 1992; Gdrner et al 1992) and DAE
radical ions in polar solvents (Aloisi et al 1991, 1992; Gorner et al 1992). The extent
of the quenching, which depends on the nature of the two partners and the solvent,
may then affect both the yield and the mechanism of photoisomerization (Aloisi et al
1980; Aloisi and Elisei 1990; Aloisi et al 1988, 1991; Elisci et al 1992).

On the basis of published data obtained from the spectroscopic and photochemical
study of a large series of DAE as well as of some new results recently obtained in
our laboratory, the main features of the structure effect on photoisomerism of DAE
are reported here. The CT interactions of the fluorescent trans isomers and some cis
analogues with electron donors and acceptors will then be discussed to evidence their
effects on the excited state behaviour of DAE.
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2. Experimental

All compounds were synthesized by standard procedures as per previous work.
Fluorimetric, photochemical and flash photolytic measurements were made as
described in previous papers (see Bartocci et al 1987 and Aloisi et al 1992, and papers
cited therein). Benzene, n-hexane, methylcyclohexane (MCH), chlorobenzene (CB),
ethylacetate (EtAc) and acetonitrile (MeCN) from Carlo Erba (RPE grade) were used
as solvents, tributhylamine (TBA), diethylaniline (DEA), 4-bromo-N,N-dimethylaniline
(BrDMA) from Fluka AG and potassium iodide from Carlo Erba as electron donors,
and chloranil (Chl) from Fluka AG and dicyanobenzene (DCNB) from EGA-Chemie
as electron acceptors.

3. Results and discussion

3.1 Photoisomerization

Figure 1 shows a qualitative sketch (a), based on theoretical and experimental data,
of the torsional potential energy of the S, state of three typical DAE together with
a scheme (b) of the energy levels of the lowest singlet excited state of the DAE and
of their arene ('L,, 'L,) and ethylene (‘B,) chromophores (Bartocci et al 1992).
Perturbation coupling of the excited state localized on the largest arene chromophore

'B,
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‘L. ‘\‘ 'rl small ". Ul ‘1.
— high "o "enr (diab)
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Figure 1. (m) Sketch of the torsional energy barrier for the S, state of stilbene (S: singlet
mechanism), styrylnaphthalenes (StN: prevalent singlet mechanism at room temperature,
mixed singlet + triplet mechaniam at lower temperatures) and styrylanthracenes (StAn: no
trans - cis isomerization); (b) sketch of the interactions between the lowest excited states
L, and L, of the polycyclic aryl chromophore (A) and the B, state of ethylene (E) to give
the resulting S, stute of the trans-DAE (the effect of the relative positions of the energy
levels on the Nuorescence rate parameter. quantum yield and lifetime and on the
photoisomerization quantum yiclds are also indicated).
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(particulatly of 'L,, which has a higher transition moment) with the !B, state of
ethylene gives rise to lowest excited states of different character for the DAE molecules.

When the energy of the arene 'L, state is high, not much lower than that of the
lowest excited state ' B, of ethylenic character, the interaction is strong leading to a
mixing of local states with a large contribution of the ethylenic =, n* state to the §,
state of the DAE. A high !¢, .. and low ¢, is expected in this case, &s found for trans.S.

When the energy of 'L, decreases markedly (naphthyl, phenanthryl derivatives),
the DAE excitation energy is largely localized in the aryl (prevalent L, character)
and a high torsional barrier in S, leads to a small '¢, . However, in some cases,
particularly when the lowest excited state is the arylic 'L, state (weak Sy— S,
transition and low extinction coefficients), ISC can become substantial opening the
triplet pathway to isomerization.

A limiting situation is reached when 'L, (lying in such cases below 'L,) is so far
apart from !B, that the mixing is very weak (S, of aromatic character, as in anthryl
derivatives). The barriers to twisting are high in both S, and T, and no isomerization
occurs from trans to cis but only from cis to trans (“one-way” isomerization, Arai
et al 1988, Tokumaru and Arai 1992). The presence of a maximum, instead of a
minimum, at the !perp* configuration for the pyrene and anthracene derivatives
causes the activated twisting of 'cis* to directly produce 'trans®, thus favouring an
adiabatic photoisomerization mechanism, as reported for the triplet state (Arai et al
1988; Tokumaru and Arai 1992), particularly in polar solvents where the activation
energy in S, is lowered because of the stabilization of the zwitterionic twisted
configuration (Spalletti et al 1991; Mazzucato et al 1993).

Figure 2 shows the increase in the fluorescence quantum yield (¢ ) and the decrease
in the trans ~ cis photoisomerization quantum yield (¢, ) of some styryl-arenes on
increasing the size of the arene and the aromatic character of the S, state of the DAE.
Table | shows how the nature of the largest arene affects the photoisomerization
mechanism (singlet/triplet, diabatic/adiabatic). Stilbene isomerizes with high yield via
a singlet diabatic mechanism (Saltiel and Charlton 1980; Saltiel and Sun 1990). The
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A= P 1-N 1-Ph  3-C 1-Py 1-An
Figure 2. Effect of the nature and size of the aryl substituent of styrene on the fluorescence
() and trans — cis photoisomerization (A) quantum yields of some DAE.
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Table 1. Fluorescence, triplet and isomerization quantum yields and prevalent
isomerization mechanism for some typical trans-DAE in non-polar solvents at room

temperature.

Compound ¢, ?r e Prevalent mechanism

st 004 <001 0-50 Singlet, diabatic

1-StN® 072 004 016 Singlet, diabatic

1.StPh* 061 018 014 Triplet, diabatic

2.8tPh* 03§ <001 024 Upper triplet, diabatic

9-StPh* 067 032 013 Mixed, diabatic

1-8tpy? 094 <003 <002 Only cis— trans. singlet, adiabatic
9-StAn¢ 044 032 - Only cls — trans: mixed, adiabatic

References: * Saltiel and Charlton (1980); ® Elisci et al (1989). ¢ Aloisi and Elisei (1990); Elisei
et al (1990); ¢ Bartocci et al (1992),

n-styrylnaphthalenes (n-StNs) (Bartocci et al 1984; Elisei et al 1989) have a prevalent
radiative deactivation of S, ; they isomerize by the same mechanism as S above room
temperature but follow a prevalent triplet pathway below 270K (or at slightly lower
temperatures in polar solvents), The n-styrylphenanthrenes (n-StPhs) (Bartocci et al
1987) follow a mixed singlet/triplet mechanism already at room temperature due to
higher torsional barriers in S, and larger triplet yields. In some cases (¢.g., in 2-StPh),
upper S, or T, states of ethylenic character may play a role in the isomerization
favouring a fast twisting which by-passes the lowest excited states (Elisei et al 1990,
Aloisi et al 1991a). In fact, 2-StPh has a high torsional barrier in S, and a ¢, value
as large as 024 which would indicate that st least ~ 50% of the excited molecules
deactivate through a trans — perp twisting in the triplet manifold. However, T, cannot
be an intermediate since its yield is smaller than 0-01. Therefore, one could think of
an isomerizable upper T, state, almost isoenergetic with S, . In fact. at low temperatures,
when twisting in T, is slowed down by the viscosity barrier. the population of T,
increases substantially by T, — T, internal conversion and the lowest excited triplet
state becomes readily detectable, A similar mechanism was hypothesized for the
isomerization of d-halogenated stilbenes (Gorner and Schulte-Frohlinde 1979). In any
case, the presence of a shallow minimum in the 'perp* configuration of StPhs still
seems to favour the diabatic mechanisin. Practically, the 1-styrylpyrene (StPy) and
n-styrylanthracenes (StAns) do not isomerize from trans to cis because of very high
torsional barricrs in both S, and T,. They follow a mixed (singlet/triplet} mechanism
from cis to trans with a prevalent adiabatic character.

In conclusion, the singlet mechanism is favoured at high temperatures and in polar
solvents; the udiabatic mechanism is favoured in the presence of a maximum at the
-3perp* configurations, particularly in polar solvents where the activation energy is
smaller.

3.2 Effect of CT interactions on trans — cis photoisomerization

The trans — cis isomerization quantum yield (¢, ., ) in the presence of the fluorescence
quencher Q is the sum of two contributions, by the monomer (non-complexed)
molecules (¢,,) and by those which react through the exciplex (¢.g). When [Q] = «c,
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the fluorescence and photoisomerization quantum yields of the exciplex reach their
limiting values, @™ and ¢F, respectively.

Often, the overall photoisomerization is less quenched than fluorescence or even
enhanced by addition of electron donors or acceptors since CT-induced ISC can lead
to isomerization in the triplet manifold. In fact, since both S, and T, are potentially
reactive states (the actual reactivity depending on their torsional barriers), the expected
effect is generally modest. Since the quen-bing efficiency of the singlet-excited trans-
DAE by electron donors or acceptors dupends on the redox potential of the two
partners, a suitable choice of the additive is required for an efficient CT-induced
photoisomerization, based on the following criteria: high quenching rate constant
kq, low yields of both the radiative decay (¢x¢) and the internal conversion to the
ground state (¢ ) and high ISC yield (¢1¢) of the exciplex so as to induce a substantial
population of the reactive triplet state of the olefin,

Figure 3 shows, as an example, the decreasing of fluorescence intensity of 9-StPh
together with the parallel increase of the triplet and isomerization yields in the case
of the interaction with DEA as donor in n-hexane. Table 2 shows some typical cases

2 J
U4
]
< 2
b )
I ]
‘o
®
#
° i 1 A 1
0.0 01 0.2
(DEA] /M

Figure 3. Effect of DEA concentration on the quantum yields of fluorescence (squares),
photoisomerization (triangles) and triplet (circles) for trans-9-StPh/DEA in n-hexane.

Table 2. Limiting ([Q)— a0} fluorescence and trans - cis photoisomerization quantum
yields of some typlcal DAE in the presence of three amines as donors in n.hexane and
DCNB as acceptor in benzene.

H o
DAE o #. TBA DEA BrDMA DCNB TBA DEA BrDM/A DCNB
28N 065 012 O17* 072 017 010 012° 0-26°
1-81PhY 06! 014 019 036 ~00l 010 020 0-44
9.5tPh 067" 013 017" 08T <0014 037 O11¢ 010* o228 0:24°
2,3.NPE 067 015" 003 024° 009 0-34¢

References: * Aloisi et al (1980); ® Aloini et al (1977); ¢ Aloisi e al (1991b); ¢ Aloisi and Elisei (1990).
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of the limiting ([Q]— o) quantum vyields of radiative and reactive deactivation of
the cxciplexes with three amine donors and one acceptor in non-polar solvents,
Chromatographic control showed that the formation of photoproducts different from
the cis isomers, as observed for the S/amine systems (Lewis 1979; Lewis and Simpson
1979. Lewis et al 1992), is generally negligible in our experimental conditions. Perusal
of table 2 shows that substantial isomerization is induced by DCNB in benzene where
higher triplet yields were measured even if accompanied by substantial yields of
radiative decay of the exciplex. On the other hand, radiative decay is the prevalent
deactivation pathway of the exciplex with DEA and internal conversion is the
prevalent one with the less efficient TBA quencher. For the exciplex of 9-StPh,
quenching rate constants, kg, of 9-2 and 34 (10° M~ 's~!) were obtained with DEA
and TBA, respectively. As expected, larger induction was obtained with BrDMA.
Inclusion of a heavy atom in the solvent or, even better, in one of the two partners
increases the isomerization yield because the spin-orbit coupling controlled by the
exciplex produces the isomerizable T, state. In this case ¢y, is very low (smaller than
0-01) but enough to demonstrate the existence of the complex and then of a CT-assisted
spin-orbit coupling effect.

The data above sllow some conclusions to be drawn about the CT effect on the
photoisomerization of trars-DAE in non-polar solvents. When both the lowest excited
states of the olefin can be effectually reactive (as in S and many other DAE) or non-
reactive (as in n-StAns), the effect of the CT interaction is expected to be zcro or very
small (both positive and negative), thie quenching of §, being generally more or less
compensated by a recovery of quanta in T,. A typical case is offered by DAE with
small ¢, and ¢, and high ¢, values (as for n-StNs) the quenching can be
accompanied here by a gain of reactivity in 7, as observed in table 2 for the effect
of DCNB on the two DAE bearing a naphthyl group. When, as in the pyrenyl
derivative, only T is reactive (because of a high torsional barrier in §,) but the triplet
yield is very small (because of the competitive fluorescence), the addition of Q can
again enhance the ¢, . values through induced ISC,

in polar solvents, such as MeCN, non-emitting CT complexes are formed (Aloisi
er al 1991a, 1992; Gérner ¢t al 1992). They induce little ISC since the concomitant
formation of trans radical ions (generally non-isomerizable) prevails. A parallel
increase was generally found buth in the absorbance change of the radical ion and
the conductivity signal (Aloisi ef al 1991a). The photoreaction yield increases slightly
in some cases (e.g. with DCNB as acceptor) probably because the radical
recombination can lead, at least in part. to formation of the isomerizable triplet state.
[n any case, the fluorescence quenching by amines was always accompanied by a
decrease in the isomerization yield. For example, in the case of 1-StPh/DEA, the
Gcpnm value was halved {007); however, no triplet transient was cbserved, since T,
produced by charge recombination is shorter-lived compared with the radical anion.
In some experiments, the radical cations of the olefin were sensitized by irradiation
of caloranil, a well-known electron acceptor in the triplet state. Figure 4 refers to
the system 1-StPy/Chl in MeCN after irradiation of vhe acceptor at 308 nm. It shows
the spectra of the triplet state of the acceptor (4, = 510nm) and its radical anion
(450 nm) and of the DAE radical cation (590 nm) together with the decay kinetics of
the first and last transients. The triplet state of Chl was formed within the laser pulse
while the DAE radical reached its maximum AA after 06 us and decayed with a
lifetime of 25 us.
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Figure 4. Time-resolved absorption spectra of the trans-1-StPy/Ch] system in MeCN
recorded 0-2(: )and 1(-=e--s ) us after the laser pulse (4, = 308 nm). Inset: decay kinetics

at 510(——) and 590(------ ) am.

An interesting case is presented by azastilbenes, and particularly by 1-(n-pyridyl),
2-(n'-pyridyl)ethylenes (n, n'-DPE), where the photoreaction is inhibited by the high
efficiency of the §, =8, internal conversion to the ground state induced by the
low-lying n, n* states introduced by the heteroatom. Here, the quenching effect is
expected to reduce the internal conversion in favour of reactive deactivation pathways
through the complex. However, preliminary experiments indicate that the situation
is complicated by formation of by-products. In any case, the S, lifetime of DPE is
very short, so that high concentrations are ‘needed in order to induce complexation
and then isomerization.

An important heavy atom effect was found on using halide anions as quenchers
of some DAE and their aza-analogues, the latter in both neutral and protonated
forms. Some typical examples showing an important induction of isomerization are
reported in table 3. Particularly interesting is the huge increase in reactivity for the
two last protonated substrates. Nanosecond laser flash photolysis measurements were
carried out to investigate the transients formed by the interaction of iodide aanions
with some singlet excited n-StPhs. No sign of radical anions of the DAE was found
but only a substantial production of their T, states. Figure 5 shows the T, =T,
spectrum of 1-StPh (i, =460nm) obtained in the presence of KI ~C2M in
MeCN/H, O (1/1, v/v) together with the cnhancement ol the triplet population by
increasing the KI concentration (iuset). The question of the relative importance of
the CT and heavy atom effects on the quenching by halide anions has never received
a convincing answer (Watkins 1973, * ' %), The heavy atom effect probably operates
in conjunction with association pnen. ::na, pa:ticularly in the case of the charged
olefins. In agreement with what was ieported for the quaternary salts of DPE
(Gutierrez and Whitten 1976), we believe that the actual quenching is controlled by
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Table 3. Limiting trans — cis photoisomerization
quantum yields of some DAE, their neutral and
protonated aza-analogues induced by iodide
anions in polar solvents, compared with the
intrinsic values in the absence of additives.

Compound ®,... om
2.8tN* ¢19 048
3-StPh® 013 043
9-StPh® 0-29 0-40
3.8tp* 044 0-52
2,3-NPE" 014 0-38
3-StPH** 027 025
4'-OCH,-3-StPH** 0-0006 036
3,3-DPEH,"* ** 0-045 0-50¢

* In water-acetonitrile 60:40, (Mazzucato et al
{982): ® in water--acetonitrile 50:50, this work; *
in water-ethanol 90: 10 (Bartocci et ol 1976/77); ¢
quencher: bromine anion.

AA

0.0

i i i i | \ L

350 450 550 650

A /nm

Figure 8. Triplet-tripiet absorption spectrum of trans-1-StPh in MeCN/H, O (1/1, v/v) in
the presence of 0-5 M KI recorded 60ns after the laser pulse (4, = 308 nm). Inset: effect of
iodide concentration on the absorbance change at 460 nm.

the electron donor-acceptor interaction while the heavy atom makes the triplet
formation of the vlefin fast enough to dominate all other paths of exciplex decay.

3.3 Effect of CT interactions on cis — trans photoisomerization

The quenching of the cis-DAE by donor-acceptor interactions has been little
investigated thus far since these isomers are generally non-fluorescent due to their
fast (small barriers) isomerization to trans or to polycyclic compounds (dihydrophenan-



484 U Mazzucato, G G Aloisi and F Elisei

threne in the case of S) and the consequent very short S, lifetime. Since photocyclization
is a competitive singlet reaction, CT-induced formation of the triplet state can favour
the cis — trans isomerization (particularly for the naphthyl and phenanthryi derivatives
which are characterized by substantial cyclization yields). When a maximum is present
in !perp®, the *cis® lifetime increases; as mentioned earlier, the twisting becomes more
or less activated and leads directly to 'trans* by an adiabatic mechanism (Sandros
and Becker 1987; Spalletti et al 1991; Mazzucato et al 1993). In such cases, e.g. for
the cis isomer of 9-StAn, the CT-induced fluorescence quenching can be measured
thus obtaining more quantitative information about the CT interactions. Figure 6
shows the fluorescence spectra of cis-9-StAn quenched by DEA with a Stern-Volmer
constant (Kq = kqty) of 32 and 8M~! in MCH (a) and CB (b), respectively. The
increase of the fluorescence band of the exciplex is clearly observable in both solvents,
particularly in the more polar CB where the emission is weaker but redshifted.
The CT interactions of the cis-DAE in polar solvents open a new way to iso-
merization since their radical ions can thermally convert to the more stable trans
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Figure 6. Fluorescence spectra of the cix-9-StAn/DEA system (a) in MCH without (1) and
in the presence of 0-026 (2), 0-13 (3). 025 (4) and (48 (5) MDEA (4 = 370nm) [inset:
Stern—Volmer plot obtained from the fluorescence intensities recorded at 420nm] and (b)
in CB without (1) and in the presence of 0-0164 (2), 0-0492 (3), 0-082 (4), 0-13 (5), 0-26 (6) and
0-50 (7) M DEA (4,,, = 370nm) [inset: Stern-Volmer plot obtained (tom the fluorescence
intensities recorded at 470 nm].
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Figure 7. Transient absorption spectrum of the cis-1-StPy/Chl system in MeCN recorded
06 s after the laser pulie{4,, = 308 nm). Inset: decay kinetics at $10(——-)and 580(------) nm.

radical ions, thus contributing to the overall photoreaction quantum yield. For the
cis isomers investigated here (1-StPh, 9-StPh and 1-StPy), laser irradiation of
¢is-DAE/Chl produced the radical cation in the trans configuration (as indicated by
comparison with the transients obtained after direct sensitization of the trans isomers
and by its mono-exponential decay) due to the fast cis'* — trans * twisting. Such
behaviour is different from that found for cis-stilbene in the presence of Chl and
reported with different acceptors by other authors (Lewis et al 1985; Tokumaru et al
1991; Kuriyama et al 1992), which showed biexponential decay assigned to the cis'*
(shorter-lived) and trans'* (longer-lived) contributions. This difference can be due to
a smaller barrier to twisting for the radical cations of the present compounds. A
study of the temperature effect is in progress to confirm such hypothesis. Figure 7
shows an example for the system cis-1-StPy/Chl in MeCN., The transient spectrum
at room temperature was assigned to the radical cation in the trans configuration
(see figure 4) formed after 3Chl* sensitization of the cis cation. The trans'* absorption
was found to increase by addition of LiClO, and by increasing the cis concentration
(chain mechanism) as reported for cis-stilbene (Lewis et al 1985). Such effects indicate
that the aikali metal cation protects the olefin radical cation from recombination
with the acceptor radical anion (back transfer) (Lewis et al 1985) or with the superoxide
anion (formed by Chl'~ + O,) (Kuriyama et al 1992; Tokumaru et al 1991).
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Photo-induced charge separation by ruthenium (II) photosensitizers

HAI SUN and MORTON Z HOFFMAN*
Department of Chemistry, Boston University, Boston, MA 02215, USA

Abstract. The values of the cage escape yields of redox products (n,,) were determined for
the reductive quenching of the excited states of homo- and heteroleptic complexes of Ru(ll)
and 2,2-bipyridine (bpy), 2,2-bipyrimidine (bpm), and 2,2-hipyrazine (bpz) by
tricthanolamine (TEOA) as a sacrificial reductive quencher in aqueous, acetnnitrile, and
propylene carbonate solutions, In aqueous solution, »,, varies with the standard reduction
potential (E°) of the complex, describing a weak dependence. The values of 5, are independent
of E® in propylene carbonate, but exhibit an inverted dependence in acetonitrile: the values
of 7, in acetonitrile are generally higher than those in aqueous and propylene carbonate
solutions, due to the higher diffusional rate constant for cage escape of the redox geminate
pair in acetonitrile. The variable dependencies of 1., in the different solvents on the driving
force of back electron transfer require that the conventional model be modified 10 account
for the reotientation of the geminate pair within the solvent cage.

Keywords. Charge separation; photochemistry; ruthenium(Il) complexes; photosensitizers;
electron transfer.

1. Introduction

The yield of redox products (1,,) released into bulk solution upon electron-transfer
yuenching is the critical parameter governing the efficacy of a redox photosensitizer;
Ru(ll) complexes are among the most popular and effective photosensitizers. In the
simplest model (1)-(3) below, the quenching reaction can be visualized as occurring
via the formation of a geminate redox pair within a solvent cage as a result of the
transfer of one electron, with ., a measure of the competition between back electron
transfer (k,,) and diffusional escape of the redox products (k) (Balzani and Scandola
1983). According to this model, the experimental determination of n,,, the calculation
of k., from (4) and (5) below, and the application of the equations that describe the
diffusion of species in fluid solution permit the dependence of energetics and solution
medium on k,, to be evaluated. If, in a series of photosensitizer-quencher pairs, k.,
and the parameters that affect k,,, except AG), can be kept constant, the variation
of ., would be dependent only on the variation of the exoergicity of the back clectron
transfer reaction.

M+ Q-[M-...Q*" ), 8y
[M—l"“'Q*/—]—'M‘FQl khn (2)
(M™7* QM =M™ +Q%7, kg, 3)

* For cortespondence
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The back electron-transfer reaction of the geminate redox pair within the solvent
cage is a subset of the general phenomenon of intramolecular electron transfer, for
which many examples of well-defined dependencies of k,, on the reaction driving force
in accord with Marcus' theory are now in the literature. Recently, Yonemoto er al
(1992) reported on the values of k,, for the forward electron transfer between the
MLCT excited state of Ru(ll) and covalently bound viologen acceptors, and the back
electron transfer between the Ru(lIl) center and the reduced viologen radical; the
dependence on AG® of the reactions traversed the “normal” and “inverted” Marcus
regions, However, when the viologens are uncoupled from the complex and act as
bimolecular quenchers, the plot of In(n>! — 1) vs AGY is very s:attered and does not
show any evident correlation. A very weak (or no) correlation of In’; ' - 1) vs AG),
was also obtained for the oxidative quenching of the excited states of nine Ru(ll)
complexes by methylviologen (4,4'-dimethylpyridinium dication; MV?*) (Ohno et al
1991) as well as no evident dependency for the reductive quenching of a derivative
of *Ru(bpy); * (bpy = 2,2-bipyridine) by aromatic amines (Ohno et al 1993). On the
other hand, Ohno et al (1986, 1987, 1989, 1990) obtained very dramatic “bell-shaped”
curves for the quenching of the excited states of Ru(Il) complexes by aromatic amines
and methoxybenzenes. These conflicting results suggest the need to investigate further
the validity of the simple model.

In this work, values of #,, for the reductive quenching of the excited states of a
serics of Ru(Il) complexes that contain bpy, bpm (2,2'-bipyrimidine) and bpz
(2,2'-bipyrazine) ligands by TEOA (triethanolamine) were determined in aqueous,
acetonitrile and propylene carbonate solution. In this way, a common quencher is
used and the complexes all have the same size, shape, and charge: the use of the
different solvents permits a variation in viscosity and dielectric constant, which will
affect the value-of k., in a sysicmatic way.

2. Experimental

The Ru(ll) complexes (RuL? ") were from our laboratory supply; their structures und
abbreviations are shown in figure 1, and their photophysical and electrochemical
properties are given in table |. Methylviologen dichloride (Aldrich) was converted
to the PF, salt and was recrystallized three times from water. TEOA (Fluka) and
propylene carbonate (Fluka) were fructionally distilled thrice. Acetonitrile (Aldrich
Optima) was used withou turther purification. Distilled water was [urther purified
by passage through 4 Millipore purification train. All quencher solutions were freshly
prepared prior to use. The pH values of the solutions were set at 10:0 with the use
of 1-3mM borax buffer.

Solutions contained 50 uM Ru(Il), 2-7mM MV?*, and up to 0.6 M TEGA. The
excitation wavelength for the continuous photolysis was chosen as the absorption
maximum of the 400-nm charge transfer band for each complex under examination.
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=<0 OO

bpy = 2,2"-bipyridine bpz = 2,2"-bipyrazine

o
N N
bpm = 2,2 bipyrimidine

Ru(bpy)y* Ru(bpm)y** Rubpz)y™
yyy mmm 22

Rubpy)bpm)®*  Ru(bpy)abp)®  Ru(bpm)y(bpy)®*
yym yyz mmy

Ru(bpm)s(bpz)2* Rulbpz)(bpy)?*  ‘Ru(bpz)a(bpm)™
mmz zy zm

Ru(bpm)(bpz)(bpy)®*
mzy
Figuwre 1. Structures of and notations for the Ru(Il) photosensitizers used in this study.

The concentration of the reduced methylviologen radical cation (MV * ') was evaluated
from its absorbance at 605 nm by taking £qs = 137 x 10*M "' cm ™! (Watanabe and
Honda 1982).

The continuous photolysis experiments were performed using a Bausch & Lomb
high-intensity monochromator in conjunction with a 100 W quartz-halogen lamp;
the light intensity was monitored by an associated photon counter that was calibrated
by potassium ferrioxalate actinometry. In a typical experiment, 4ml of Ar-purged

Table 1. Photophysical and electrochemical propertics of
Ru(l1) photosensitizers in uqueous solution.

A t EP2+/+) E°(*2+/+)

(1]

Complex (nm)  (us) vy vr
222 602 (94 - 050 1-68
zm 613 071 ~055 1-63
mmz 634 052 - 061 143
ay 640 040 - 063 144
mazy 666 022 -067 133
zyy 695 0092 -077 1-16
mmm 622 0077 ~-073 134
mmy 660 0044 -077 1-28
myy 650 0014  — 083 115
yyy 610 0060 - 122 093

*D'Angelantonio er al (1991)
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MV RuL** TEOA ,,"* —= TEOA & My

Mv* RuL? 7--'RuL » TEOA Pa My
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Figure 2. Reaction scheme for the Rul?*/TEQA/MV?* system.

and magnetically stirred solution was contained in a sealed 1 x 1cm spectrofluorimeter
Cuveltte.

3. Results and discussion
31 Cage escape yields

The mechanism for the quenching of *Rul?* by TEOA in the presence of MV?*
can be expressed by (6)-(11) below, where TEOA:I' is the cation radical produced
as a result of the one-clectron oxidation of TEOA, and TEOA, , is the reducing
radical derived from the irreversible transformation of TEOA .

RulL?* =*RulL?*, hv, (6)
*Rul3* - RuL?* + hv', ko )]
*RuL?* + TEOA —+RuL*" + TEOA k,, (8)

ox *
TEOA + TEOA; - TEOA: ,+ TEOA + H*, k., 9)
RuL*' + MV¥* - MV* 4 RuL?", K,ogs (10)
k

red
TEOA;,, + MV?* = MV*" + products, e (1)

red

The generation of the lowest energy luminescent excited state with an efficiency of
~ 1 via (6) is followed by quenching (8), in competition with the natural decay of
*RuL?* (7), forming RuL*' and TEOA_, in bulk solution. TEOA_," undergoes
transformation (9) (k, =33 x 10°M~'s"!) (Chan et al 1981), converting the
oxidative species to a reductive one (TEOA, ,). Both RuL*" und TEOA; / reduce
MV2* to MV*" (10) and (11) with rate constants in the order of 10*-109M~'s™ "
(D’Angelantonio et al 1991). The reaction scheme is given in figure 2.

The efficiency of the queriching reaction, #,, is the result of the competition between
the natural decay (7) and the electron transfer quenching (8) of the excited states,
and can be expressed as (12) below. The efficiency of (8) with regard to the escape of
the redox pair from the solvent cage. in which they were generated by the quenching
interaction, into the bulk solution is given by (4). The quantum yield of MV*"
formation for the system upon continuous photolysis is given in (13) below.

_ k(D]
* ko +k,[D]
OMV )= 2,1, (13)

(12)
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The excited states of six complexes (zzz, mmz, zzy, zzm, mzy, mmm) in agueous
solution and all but Ru(bpy)3* in acetonitrile and propylene carbonate were quenched
by TEOA,; the values of ®(MV**) were determined in all three solvents. As predicted
by (13), plots of ®(MV™**) vs n, were, indeed, all linear, and the values of n,, were
obtained from such plots; examples of the plots are given in figure 3. Taking
EY(TEOA '/TEOA)=0384V (Sun and Hoffman 1993), the standard free energy
change for the back electron-transfer between RuL*' and TEOA:;(AGE,) can be

. »
1.8 ® mzy
o mmm
- -y o
‘; 1.0
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Figure 3. Plots of @MV ') vs n, for Rul?*/TEOA/MVI"* systems in acetonitrile.
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Flgure4. Plots ofy,, vs AGY, for aqueous, acetonitrile, and propylene carbonate solutions.
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estimated from the excited state reduction potentials (table 1) (D'Angelantonio et ul
1991). Plots of n,, vs AGy, are given in figure 4. The data in propylene carbonate
show no dependence of ., on AGY,. In aqueous solution, n,, increases as AG} becomes
more negative, suggesting that k,, decreases as the reaction driving force iy increased,
which is “inverted” Marcus behavior. However, the data in acetonitrile show the
opposite dependence of »,, on AG), to that obtained in aqueous solution, although
the variation of n,, is smaller. Overall, the dependencics of 1., on AGY, are rather
weak, especially for propylene carbonate and acetonitrile solutions; the values of #,,
in he different solvents reflect the variation of solution medium parameters,
especially the viscosity.

The weak dependencies of 1., on AGj, observed in this work (and in other studies)
are in sharp contrast to the predicted bell-shaped curves, and those reported carlier,
suggesting that the kinetic events within the solvent cage may be very different from
that of the simple model for those systems.

3.2 Solvent cage models

The observation of unpredicted dependencics of n,, on AG), indicates that the cage
cvents may be more complicated than those described by (1)- (3). Before modifications
are made to the model, it should be noted that in the reductive gquenching of the
MLCT excited state of Ru(ll) complexes, which can be described as possessing a
one-electron reduced ligand coordinated to a Ru(lll) center ([Ru™L ~*]%"), different
orbitals in the complex are involved in the quenching reaction and back clectron-
transfer rcaction within the cage. The electron-rich quencher might approach the
excited complex at 4 side opposite to the reduced ligand, and transfer its electron
into the t;, orbital of the metal center. However, buck electron-transfer occurs between
the reduced ligand and the oxidized quencher, they are well separated, and are in a
sterically unfavorable position for rapid transfer unless the geminate pair undergoes
reoriehtation to permit the establishment of overlap (or coupling) between the donating
and accepting orbitals (figure 5). Similarly. for the oxidative quenching of the MLCT

Figure 8. Schematic diagram of the reductive quenching of *Ru(11) complexes by an electron
dornor and the subsequent reorientation and back electron-transfer reactions.
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Figure 6. Schematic diagram of the oxidative quenching of *Ru(ll) complexes by an ¢ievtron
acceptor and the subsequent reorientation and back electron-transfer reactions.

excited state of Ru(ll) complexes, the quencher might approuch the electron-rich
reduced ligand of the excited state and accept the electron from its #* orbital in the
quenching act, and then donate the electron to the metal center d orbital in the back
transfer process. A reoricntation process may be needed to reposition the redox pair
and allow the establishment of the orbital overlapping (or coupling) between the two
donating and accepting orbitals (figure 6),

We wish to propose 4 modification to the cage model in order to account for the
increasing body of evidence that values of n,, in bimolecular quenching reactions
involving Ru(ll) sensitizers are weakly dependent, if at all, on AG,,. In this new model,
(M ..Q* "7, and [M '*...Q*'~ ], represent the solvent cage before and after
the reorientation processes, respectively, k,,. is the rate constant for reorientation,
and k,, is the back electron-transfer rate constant after the reorientation has occurred.
By applying the steady-state approximation to [M™/7...Q*'"1,, (14) and (15) are
obtained.

kot ko

(M™"..Q" ],
Ky, k

*M .Q

M~/ 4+ Q*"

ren kl'l

K

M+Q [M™/*..Q* ],
o Kealky + ket Kypa)
(k'b, + kt")(ku + knn + kbl),
Uy o ki + kake, + kykogs
Nee ku(k;n + ku + kno)

(14)

e

(15)

There are two limiting cases for which (14) and (15) can be simplified, If k,,, «k,,
and k<« k_.(15) reduces to (5), the previous model can be viewed as a limiting case
in which the reorientation process is very slow compared to back electron-transfer
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and cage escape. If, on the other hand, the back transfer in [M~/* ...Q*/" ], is very
slow due to an unfavorable orientation of the reacting species (k,, « k,,, and k, « k),
and the back transfer in [M~/*...Q*/~], is faster than cage escape (k,, » k), (15)
is reduced to (16) below; n,, becomes a measure of the competition between the cage
escape and reorientation processes. Thus, the observed weak or negligible dependencies
of ., on AGY can be viewed as representing this limiting case, since k ,, is not expected

lo be dependent on the driving force of the back electron-transfer reaction.
“/"n’)_ ! =krru/kce' (16)

For intermediate cases, (14) and (15) would be operative, resulting in a range of
observed dependencies of n,, on AG,, that are functions of the magnitudes of the
rate constants of the mechanistic steps. Of course, the reorientation process, like cage
escape and back electron-transfer, will be dependent on the solvent and the counter
ions within the cage. The various rate constants are likely to have different activation
parameters, resulting in further changes in the functional relationships between 7,
and AG) with changes in tempcrature. The challenge for the future is to discover the
molecular features that control the values of the rate constants in order to be capable
of fine-tuning the efficiency of photoinduced charge separation in excited state quenching
reactions.
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Phetoinduced ET and back-ET in bimetallated compounds of
Ru(I)-Rh(I1T) ard Ru(IT)-Co(11I)

L

K NOZAKI A YOSHIMURA and T OHNO*

Chemistry Department, College of General Education, Osaka University, Toyonaka, Osaka
560, Japan

Abstract. [niramolecular electron transfer processes in bimetallsted donor-acceptor
compounds have becn investigated by means of laser photolysis kinetic spectroscopy. An
excited Ru(ll)}-moiety of donor-acceptor compounds undergoes intramolecular electron-
transfer to cither a rnodium(I1) ion or a cobalt(HI) ion, followed by back-eiectron transfer.
an Arrhenius plot of the electron-transfer-rate gave a straight linc of intercept (frequency
factor) and slope (activation energy) for the photoinduced electron transfers and the back
clectron trans.rs. A common and large frequency factor observed for Ru(ID-Rh(ilI)
compounds is acce inted for in terms of solvent-relaxation dynamics. The activation energy
obsesved consists of outersphere rearrangement energy depending on the metal ion-metal
ion distance. For the photoinduced electron transfers and subsequent back-electron transfers
in the Ru{l1)-Colll} cumpouads, thz electron-transfer-rates are reduced because of weuk
electronic voupling, large rearrangemen: energy and negative entropy change.

Keywords. Donor-arceptor linked compound; electron transfer; nuclear tunnelling:
temperature-depende ice of ET rate; rearrangement energy.

fntroduction

Electron transfer {(ET) is one of the chemical reactions that have been most intensively
irvestigated. The reaction rate of ET is given in (1) below for nonadiabatic ET by
assuming no change of force constants between the initial and final states (Kestner
et «l 1974; Ulstrup and Jortner 1975). Equation (1) indicates that the rate depends
on many factors, electronic coupling (H,,), energy gap betwcen the reactant and the
product (A G°), rearrangement energy involved in ET (4), vibronic coupling strength
{S), and angular vibrationa! frequency of the product (w).

2n(H,,1? (e7*5") (AG + 4 + nhw)?
= LY T Texpl - ) )
h@rnkg TV T n! 4}k, T Y,
2 [ 12
= _ﬁﬁﬂ_,. ex (*(_Ag f_'ff_), )
h(dnik, T)'2 4iky 1
InkT' =InA —(E kg T), (3a
A =[2m|H,,|*1/[M4nrkyd)'12], (3b)
E,={AG® + A}/(44ky T). (3c)

* For correspondence
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When the energy gap is much smaller than the rearrangement energy, nuclear
tunnelling followed by vibrational excitation of the product can be neglected and the
rate formula is close to (2) presented by Marcus earlier (1956, 1965). which is recast
10 a more simple form (3). 4 is the frequency factor which depends on nuclear
frequency and electronic coupling. E, is the apparent activation energy depending
on energy gap and rearrangement energy. This paper is devoted to the understanding
of both 4 and E,, which could be obtained from the temperature-dependence of rates
of intramolecular ET in donor-acceptor linked compounds.

When the energy gap Letween initial and final states is so small that no vibrational
excitation of the product occurs, decrease in temperature reduces the rate of ET to
1 large extent. The temperature-deper-dence of the ET rate allows us to estimate the
frequency factor and the activation energy separately.

However, if the force constants of the final state differ from those of the initial
state, rearrangement of the inner-coordination shell of the final state gives rise to
rearrangement energy and entropy change. The entropy change accompanied by a
change of vibrational state density enhances or reduces the frequency {actor depending
on a positive or negative value of the entropy change, because a term of exp[AS*/k,]
appears as a factor in A. It may make the [requency factor hard to interpret without
estimation of AS*.

When a high frequency vibrational mode of the product is coupled with ET, the
ET ratc is weakly dependent on both temperature and energy gap in a high energy-gap
region (Liang ef al 1990; Bixon and Jortner 1991). Only when nuclear tunnelling
followed by vibrational excitation in a highly exergonic ET does not occur because
of no vibraticnal overlap between the reactant and the product, the rate of ET might
be dependent on temperature,

2. Estimation of rearrangement cnergy and bridging ligand mediated electronic coupling

(Ohno et al 1992) Samples studied in this research on photoinduced ET are donor
acceptor linked compounds. Two kinds of metal ions as donors and acceptors are
linked by a bridging ligand containing a bipue¢nyl moiety, benzene moiety, or

H
N N N N N "
(

L,-banzene-L (f“z)n

 bnem ns2 L',-emane--Lv.
g - biphenyl-L =3 L‘—propane-Lv

(_N}—?N Hy =5 L, -pentane-L,
— N N =

[ g
CH, O N’) ‘D

Ly -biphenyl-L,

Figure L. Bridging lirands and abbreviations.
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methylene chain as a spacer. The general formula of the sample compounds is
[(bpy), Ru(L-spacer-L)M(bpy),]** shown in figure !, where bpy denotes
2,2 -bipyridine, L denotes a bidentate coordinating group of 2-(2'-pyridyl)imidazole,
M denotes ruthenium, rhodium or cobalt. Intramolecular bonds and size of a spacer
controls electronic coupling (Larsson 1981, 1984) and rearrangement energy
(Brunschwig et al 1984, Isied et al 1988).

Photoexcitation of a Ru(Il)-Rh(III} compound produces either an excited Ru(Il)
or an excited Rh(III) which undergoes ET to generate a charge-shifted state of
Ru(IN)-Rh(1I) in which a back-ET from Rh(II) to Ru(III) subsequently takes place.
It is known that redox processes of both ruthenium and rhodium compounds take
place with small changes of the metal-ligand bond and intra-ligand bonds (Creutz
et al 1982; Sutin and Creutz 1983). In other words, innersphere-rearrangement energy
is negligibly small for ET processes of ruthenium and rhodium compounds.

An intramolecular ET within an M(1I)--M(I11) compound accompanics reorientation
of solvent molecules to a charge-shifted state of M(III)-M(II). Charge-transfer
photoexcitation of an Ru(II)}-moiety causes a small amount os solvent reorientation
around the excited Ru(ll)-Rh(III) compound. An electron transfer from the
Ru(li)-moiety to the Rh(I1I)-moiety is followed by rearrangement of solvent molecules
surrounding the Ru(II)-Rh(III). Otherwisc, the electron on the Rh-moiety goes back
to the Ru-moiety so that the charge transfer excited state of the Ru-moiety suffers
no quenching.

In the optical charge transfer transition of a mixed-valence symmetric Ru(IT)--Ru(1iI)
compound, an electron-jump from the left Ru(Il) to the right Ru(I1I) generating a
charge-shifted state of Ru(II)-Ru(Il) is followed by rearrangement of solvent
molecules to generate a newly solvated state of the Ru(lII)}-Ru(ll) compound.
Provided that the energy of a charge-shift state (Ru(I11)-Ru(Il)) is the same as that
of original state (Ru(H)-Ru(1l)), the transition energy of optical charge transfer is
assumed to be the same as the nonvertical rearrangement energy of solvent molecules
surrounding a charge-shift state of Ru(lI1)-Ru(Il) (Creutz 1983). The nonvertical
rearrangement energy increases with center-center distance between the metal ions
because of more solvent molecules reorientating to the Ru(IIT)-Ru(ll) compound.

The extent of bridging ligand-mediated electronic coupling between Ru(ll) and
Ru(l11) can be estimated from an integrated intensity of the optical charge transfer
transition (Hush 1967). The electronic coupling strength between the metal ions only
depends on the intramolecular bonds and size of a spacer, since coordination bonds

Table 1. Electronic coupling (H,,) and outersphere rearrange-
ment energy (4) estimated from the intensity and the energy of
vptical charge transfer transition of [(bpy), Ru'(L-spacer-
LYRu"(bpy); )" " in acetonitrile at 298 K.

Metal metal P H,,
Bridging ligand distance* (nm) V) (meV)
L,-benzene-L, 0K 076 58
L,-biphenyl-L, 1:2-15 091 75~ 10
L,-biphenyl-L, 13 096 2
L,-ethane.L, Il 096 87

*Estimated by using a molecular model
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of 2-(2'-pyridyl}imidazole moieties to metal ions are kept constant among the bridging
ligands used here. When the LT process is nonadiabatic, the observed extent of the
electronic coupling between metal ions must be reflected on the ET rates.

Broad “absosrption bands of the Ru(ll)-benzene-Ru(Ill), the Ru(ll)-biphenyl-
Ru(Ill), and the Ru(ll)-ethane-Ru(Ill) compounds observed in the near infrared
region are assigned to a charge transfer band (Ohno et al 1992). Values of rearrangement
energy and electronic coupling are estimated from the energy and intensity of the
Ru(1l)-to-Ru(III) charge-transfer transition (table 1), The extent of electronic coupling
between the metal ions decreases with the spacers in the following order, benzene >
biphenyl > ethane. The smallest rearrangement energy is obtained for the Ru(Il)-
benzene-Ru(lIl) with the shortest metal-metal distance.

3. ET on the excitation of Ru(Il)-moiety in Ru(II)-Rh(III) compounds

(Nozaki et al 1992) A second harmonic pulse of the nano-second YAG laser excites
the Ru-moiety of the Ru(I)-Rh(I1l) compound into the charge transfer state, which
exhibits at a lower temperature a transient absorption spectrum similar to the metal-
to-ligand charge transfer excited state of the Ru(Il)-Ru(Il) compound. The decay of
the transient absorption in a mixture of prepionitrile and butyronitrile becomes faster
as temperature increases.

A nicely linear Arrhenius plot of the decay rate of the excited Ru(ll)-moiety was
obtained (figure 2). The Ru(ll)-benzene-Rh(I1I) compound displays the fastest decay
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Figure 2. Archenius plots of photoinduced ET in {(bpy); Ru(L-spacer-L)Rh(bpy),1**. O;
L,-benzene-L,. 0: L,-bipbeayl-L,, B; L,-biphenyl-L,, &; L,-cthane-L,.




Photoinduced ET and back-ET in bimetallated compounds 499

Table 2.  Photoinduced electron transfer of [ (bpyl, Ru(L-spacer-L)Rhibpy),]* ' in mixed
solvent (butyronitrile + propionitrile). Observed and calculated values of energy gap (AG®),
Arrhenius frequency factor (A), and activation energy (E,).

A(J" A Av:nl E. E.cnl
Bridging ligand V) (anfrshy (10t eV} V)
L,-benzene-L, ~ 002 B3] S 166 017-0-1%
L,-biphenyl-L; ~013 21 4-06 0-200 [SARNITY
1.,-biphenyl-L, D08 a2 4.5 0190 0185 0198
L-cthane-L, --(-04 32 4.5 0-190 0-205-0:215
L-ethane-L, - 004 06 111

-6° 0-172* 017 -0 18*

*In benzonitrile

rate at a given temperature and the smallest slope of the linear plot among the
Ru(ll)-Rh(IIT) compounds. Table 2 shows a nearly constant frequency factor {4) of
2x 10" s™! for the Ru(I-Rh(lII) compounds in the mixed solvent, which s in
contrast to the variation in the extent of bridging ligand-mediated electronic coupling
estimated from the optical charge-transfer transition intensities, and implies that the
rate of ET is independent of the spacer.

Replacing the mixed solvent with benzonitrile reduced the frequency factor to 1/5.
A slow longitudinal relaxation (5ps) of benzonitrile compared with butyronitrile
{(0-5 ps) (Simon 1988) demonstrates that the solvent relaxation dynamics following
ET is the rate-determining step. Therefore, the frequency factor is regarded as the
nuclear frequency for the adiabatic ET studied.

k =v°exp(— E,/RT)exp(— AG*/RT), (4a)
AG* = [(AG” + 1)*/44] - |H, |, (4b)

The nuclear frequency of ET processes can be estimated to be 39 x 10''s 'V in
butyronitrile and 0-85 x 10*'s "' in benzonitrile at 298 K from the rotational and
longitudinal refaxation times of the solvent molecules as per Calef and Wolynes
(1983). If the temperature-dependence of Debye diclectric relaxation for benzonitrile
is similar to that of butyronitrile (E,, = 45 meV), the nuclear frequency at the infinitely
high temperature (v°) can be calculated as ~ 5 x 10''s™! for benzonitrile and
~ 23 x 10''s" ! for butyronitrile.

For an adiabatic ET controlled by solvent relaxation dynamics, the ET ratc can
be expressed as in (4), where AG* is given by energy gap (AG”), rearrangement energy
(4), and clectronic coupling (H,,). Let us assume that AG® is similar to AH" in
magnitude and 4 is close to the outersphere rearrangement encrgy.

A=y +_ ‘d". (5a)
2kgn?dT
. AH" 2 2T dn
E,="1 4 —|\H | +E,. 5b
2. 4n2( n dT) ‘ "I (50)

The value of outersphere rearrangement energy is estimated from the optical charge
transfer transition energy mentioned above. Finally, we obtained (5) for frequency
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factor and activation energy for weakly excrgonic ET, where a is structural constant
depending on sizes of metal ions and metal-metal distance. The second terms of (5)
come from the temperature dependence of refractive index *n’, which the outersphere-
rearrangement energy is a function of. The values of A4 and E, are calculated to be
in the order of 2 x 10'!'s™* and ~ 0-2eV, respectively, by using (5a) and (5b), which
are in agreement with the observed ones except for the Ru-biphenyi-Rh(111) compound,
as table 2 shows.

4, ET and back ET on the excitation of Rh-moiety in Ru(1l) -Rh(I1l) compounds

(Nozaki ¢t al 1993) When the Rh-moiety of a Ru(ll)-spacer-Rh(Iil) compound is
excited by 317 nm picosecond pulse, ET from Ru to Rh is expected to occur rapidly
because the energy gap of 0:6¢V is much larger than the energy gap of ET (< (1¢eV)
on the excitation of Ru-moiety. The subsequent back-ET could be distinguished from
the rapid ET.

Time evolution of transient absorption showed the fast decay of excited rhodium-
moicty with a rate constant of ~ 10'"s ' and the subsequent recovery of the
Ru(Il)}-moiety with a rate constant of 1-2 x 10°s ! for the Ru(ll)-pentane-Rh(I11)
compound. The Ru(ll)-propane-Rh(II) exhibited only a fuster recovery of the
Ru(ll)-moiety witha rate constant of 47 x 10%s " '. The decay of the excited Rh-moiety
of Ru(Il)-propanc-Rh(IIIl) was hardly observed because of such a fast process. The
back-ET of the Ru(II)-biphenyl-Rh(11T) compound is a little faster (of the order of
10'?s~!) at ambient temperature. Meanwhile, the ET rate estimated by putting the
energy gap and the rearrangement energy into the classical Marcus equation of (3)
is smaller than 10®s~!' because the energy gap is much larger (~2eV) than the
rearrangement energy. Nuclear tunnelling followed by the vibrational cxcitation is
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Figure X Arrhenius plots of photoinduced ET and subscquent back-ET in {{bpy), Ru(L,-
pentane-L,)Co(bpy);1**; A; photoinduced ET, &; back-ET.
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the only explanation for the much faster back-ET compared to the rate estimated
by using the classical Marcus equation (3). The decreasing order of the rates in the
Ru(II)}-spacer-Rh(I1T) compounds (benzene > biphenyl > ethane > propane > pentane)
is suggestive of non-adiabaticity of the back-ET processes in the spacer compounds.

5. ET and back ET on the excitation of the Ru(Il)-moiety in Ru(Il)-Co(II)
compounds

(Yoshimura et al 1993) The second samples of donor-acceptor linked compounds
studied consist of a ruthenium (II) ion and a cobalt (III) ion. The energy gap of the
back-ET, which follows ET from an excited Ru(II)-moiety to a cobalt(1il)-moiety, is
changed from 880 meV at 200K to 750meV at 300 K. The standard entropy change
(AS°) of — 1:3meV/K is responsible for the energy-gap change with temperature. An
activation entropy (AS*) is suspected to be involved in the activation process, because
the iransition state may have an intermediate amount of entropy between the entropy
values of the reactant and the product (Hupp and Weaver 1984; Marcus and Sutin
1986). Provided that the activaiion entropy due to the rearrangement of the inner-
coordination shell around a cobalt ion is as negligibly small as that around a
ruthenium ion, (3) can be recast by using a temperature-dependent AG® into (6). The
entropy change (AS°) even in this case reduces apparent values of 4 and E,, from
which the frequency factor and the activation energy arc obtained as shown in (6).
L gl ((AG’ + *)AS").,XP( _(BH + 47 ~ (TAS” ’f)_

P _oex
h (drky T2)V2

21k,

43k, T
(6)

A nicely lincar plot between the natural logarithms of rate constant and the
reciprocal of tempcerature gives values of an intercept and a siope (figure 3), from
which the frequency factor and activation energy are obtained after the correction
of entropy term as are shown in table 3. The extent of electronic coupling decreases
from the Ru(ll}-benzcene-Co(iil) to the Ru(il}-pentane-Co(HI) compound. Since a
similar trend in the extent of electronic coupling between an Ru(Il) and an Ru(lIl)
of the Ru(lI)-Ru(ill) compound, was obtained as mentioned above, the back-ET
from Co(Il) to Ru(ill) can be regarded as a nonadiabatic process.

The rearrangement energy of ~ 2¢V observed can be decomposed to an innersphere-
rearrangement energy of 1¢V and an outersphere-rearrangement energy of - {eV.
The large innersphere rearrangement energy is consistent with the longer bond-

‘Table 3. Rack clectron ittansfcr in [(bpy); RuiL-spacet-L)Co(bpy),]** n butyronitrile:
Energy gap (AG®), entropy change (AS'), Arrhenius frequency factor (A), activation energy
(E,), reasrangement energy {4) and ciectronic coupling (H,,).

AG’ AS® 4 E, A H,,
Bridging ligand V) tmeVK Y (10%s7 %) (meV) (eV) (meV)
L,-benzene-L, — 063 -13 300 7 18 5
L,-biphenyl-L,, —~075 -13 40 87 205 2

L,-pentane-L, - 070 -13 15 120 22 04
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distances of the Co(Il)-ligand bonds than with those of the Co(Ill)-ligand bonds,
which are seen for many cobalt compounds (Buhks et al 1979; Endicott et al 1981;
Newton 1991). This may call into question the application of (6) to the Co(ll)-to-
Ru(I1l) electron-transfer. While the estimation of rearrangement energy might yield
more error, the estimated values of ~ 1 eV are not so strange.

Photoinduced ET of Ru(Il)-moiety-to-Co(ll1I) was also observed for Ru(Il)-
biphenyl-Co(111) and Ru(IT)-pentane-Co(l11) compounds. The rate of the forward-ET
with the excrgonicity of 0:6¢V is the following ~ 1 x 1085~ for the Ru(1l)-pentane-
Co(11l) compound, 6 x 10°s~" for the Ru(1l)-biphenyl-Co(1ll) compound and
>5%10'%s™! for the Ru(Il)-benzene-Co(l1l) compound at ambient temperature.
This trend suggests the nonadiabaticity of the forward-ET, though the frequency
factors are not determined by extrapolating an Arrhenius plot of the ET rate constants.
A very small activation energy of 0045¢V for Ru(II)-pentane-Co(Ill) implies the
formation of the doublet excited state of the Co(Il)-moiety without change in entropy.
which is followed by a rapid relaxation to the quartet ground state of the Co(ID)-
moiety.

6. Conclusions

Both rearrangement energy and extent of ligand-mediated electronic coupling between
metal ions, which are estimated from transition energy and intensity of intramolecular
CT transition band of Ru(ID-~Ru(lll) bimetallated compound, are dependent ot: the
intramolecular bonds and the size of the spacer.

Meanwhide, the extent of electronic coupling and rearrangement energy involved
in ET processes with a small exergonicity are evaluated from the temperature-
dependence of ET rate,

Frequency factors for ET from an excited rutheniuin-moiety to a rhodium-moiety
with a small exergonicity is determined by solvent relaxation dynamics. Qutersphere
rearrangement energy estimated from the activation energy are dependent on the size
of spacers of bridging ligands. Back-ET occurring via nuclear tunnelling from Rh{Il)
to Ru(Ill) with a high exergonicity is nonadiabatic.

ET from an excited ruthenium(Il)-moiety to a cobalt-moiety with an intermediate
cxergonicity is nonadiabatic. Frequency factors for back-ET from a cobalt(I1)-moiety
to u ruthenium(ll)-moiety is reduced by weak electronic zoupling between the metal
ions, and reductior: in entropy. Activation energy for the back-ET of the Ru(1lD-
spacer-Co(lI) compounds are also raduced by 4 negative entropy change and by an
innersphere rearrangement energy in addition to the outersphere one.
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Photoinduced charge transfer processes in ultrasmall semiconductor
clusters. Photophysical properties of CdS clusters in Nafion membrane
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Abstract.  The photophysical properties of quantized CdS clusters in a perfluorosullonate
polymer {Nafion) film have been investigated by time-resolved emission spectroscopy. The
ultrasmall CdS clusters were prepared by exposing Cd? *-exchanged polymer film to H,S.
Size-dependent absorption and emission propertics were observed dunng the growth of
these clusters. The emission decay is multiexponential with lifetimes rianging from -85 to
480 ns.

Keywords. Semiconductor clusters: CdS:size quantization effect; Nation: emission hifetimes

1. [Introduction

Considerable attention has been given in recent years to the application of semi-
conductor colloids, powders and films for conversion of solar energy into electricity
and chemical energy (Bard 1982; Kalyanasundaran et a! 1986; Henglein 1988, 1989;
Memming 1988; Griitzel 1989; Kamat and Dimitrijevic 1990; Kamat 1991, 1993). Of
particular interest are the quantized semiconductor colloids which exhibit hybrid
molecular solid state properties (Brus 1986; Henglein 1988, 1989; Bawendi et al 1990;
Steigerwald and Brus 1990; Wang and Herron 1991; Kamat and Meisel 1993), These
ultrasmall colloidal particles contain a high density of defect sites, usually at the
semiconductor surface, and the nature of these defect sites depends strongly on the
method of chemical synthesis, Upon optical excitation, the free carriers are rapidly
trapped at the defect sites and these trapped charge carriers further undergo radiative
and nonradiative recombination.

The mechanistic and kinetic details of the charge transfer processes in metal oxide
(TiO;, ZnO) and metal chalcogenides (CdS, CdSe) have been presented in our carlier
studies (see, for example, Kamat and Dimitrijevic 1990, Kamat 1991, 1993, for detailed
reviews on this topic). Both transient absorption and emission spectroscopy techniques
have been employed to characterize the primary photophysical and photochemical
events that occur in the picosecond millisecond time domain.

Eflorts have also been made to prepare ultrasmall semiconductor particles in
various heterogeneous environments (Fendler 1985, 1987; Wilner and Wilner 1988;
Fox 1991). Microencagement ol semiconductor particles in an organized medium
controls not only the morphology but also the photocatalytic properties of the
semiconductors. For example, metal chalcogenide clusters can easily be synthesized

* For correspondence
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in a polymer film (Meisner et al 1983; Kuczynski et al 1984; Wang and Mahler 1987
Mahler 1988; Honda er al 1988; Nosaka et al 1989; Dalas et al 1990: Gopidas
and Kamat 1990; Miyoshi et al 1990; Smotkin et al 1990, Misawa et al 1991; Yoneyama
1991). Such preparations provide isolated small semiconductor particles which
are stabilized in an organized medium. In most of these studies, CdS has been the
popular choice since it can be prepared easily by chemical precipitation and
characterized readily by absorption and emission spectra. The photophysical
properties of CdS clusters prepared in Nafion men:rane are presented in this paper.

2. Experimental section

2.1 Materials

Nafion 117 in H* form was obtained from Aldrich and H,S gas was obtained from
Matheson Gas Products. All other chemicals were analytical reagents and were used
as supplied.

2.2 Sample prepuration

The Nafion film was extracted with methanol for 4- Sh and was dried in an oven at
60°C for 24 h. The sodium-exchanged form of the Nafion was prepared by souking
the ilm in an aqueous solution of 1 M NaOH for 24 h and then washing thoroughly
with deionized water. The film was then dried in the oven for 24 h. The optically
transparent Nafion film was then cut into 0-5 x 4cm pieces so that the film could
conveniently be introduced into a 2mm thick optical cell.

Cd?* ions in the Nafion film were exchanged by immersing Na*-Nafion in a Cdl,
solution (100 ml of 107* 10" *M) for 30 min to 3h. The film was then thoroughly
washed with deionized water and dried in an oven at 60°C for 24h. A single piece
(0:5 x 4cm) of Cd* ' -exchanged Nafion film was introduced in an optical cell (2mm
thick). The cell was closed with a rubber septum wnd flushed with a stream of argon
for 30 min to remove adsorbed O, from the film. About 10ml of H,§ gas was then
injected into the cell for initiating CdS formation. The reaction could be arrested at
any stage by quick degassing. The yellow coloration of the film confirmed the
formation of CdS particles. Care was taken to exclude O, from the cell As a
precautionary measure all the Nafion films containing CdS were stored in an argon
atmosphere.

2.3 Opticul meusurements

The absorption spectra were recorded with a Perkin Elmer 3840 diode-array
spectrophotometer. The emission spectra were recorded with an SLM - S-8000
photan-counting spectrofluorometer in a front-face configuration. Emission lifetime
measurements were performed by the time-correlated single-photon  counting
technigue using an apparatus that has been described elsewhere (Federici et al 1985).
The excitation source was i mode-locked, Q-switched Quantronix 416 Nd: YAG laser
which provided 80ps pulses of 355nm light with a frequency of SkHz and an

Jintegrated power of 10mW,

Time-resolved emission spectra were recorded from  laser flash  photolysis
experiments using 337 nm laser pulses from a PRA LN1000 nitrogen laser system
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(pulse width 0-5ns). The details of the experimental arrangement can be found
elsewhere (Nagarajan and Fessenden 1985). All the experiments were done at room
tempetature (23 ).

3. Results and discussion

31 Formation of CdS clusters in the Nafion film and size quantization effects

The CdS clusters within the polymer matrix could be synthesized by cxposing the
Cd?*-doped Nafion films to an atmosphere of H,S. The absorption spectra recorded
following the exposure of Cd?* /Nafion to H,S are showr in figure t. The color of
the film slowly changed from colorless to yellow as the H,S exposure time was
increased. This is clearly evident from the increased absorption in the spectra recorded
at longer times (figure 1). In the bulk form, CdS is deep yellow in colar (K, = 24 ¢V)
with an onsct absorption around S20nm. However, in smaller diameter particles
(< 50A), the absorption shifts to the blue as the effective bandgap increases. The
morphology of the Nafion polymer is such that it controls the clustering of C'dS
molecules (Dp 15 150 A) within the hydrocarbon network.

Semiconductor particles which exhibit size-dependent optical and electronic
properties are termed quantized (or Q-) particles « * nanoclusters (Meisner et af 1983;
Kuceynski er al 1984: Wang and Mahler 1987; Honda er al 1988; Mahler 198%:
Nosaka et al 1989; Dalas et al 1990; Gopidas and Kamat 1990; Miyoshi et al 1990;
Smotkin et ol 1990; Misawa ot al 1991 Yoneyama 1991). These ultrusmall semiconductor
particles arc molecular clusters in which complete clectron delocalization has not yet
occurred. Quantization in these ultrafine semiconductor particles arises from the
confinements of charge carriers with potential wells of small dimensions (less than
the DeBroglie wavelength of the electrons and holes). Under these conditions the
energy levels available for electrons and holes in the conduction and vilence bands
become discrete. The absorption spectra recorded in figure 1 show the transition
from small moleculir clusters to bulk aggregates. In addition to s very large cffect
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Figure 1. Absorption spectru of CdS clusters in Nafion film. The specira were recorded at
virious time imervals following the exposure of the Cd?* -doped (! mmole) Nafien film to
H,5 for 0 (a). 5 (b), 10 (c). 20 (d). 45 (c), 90 (). and 120min (g).
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on optical properties, size quantization also leads to enhanced redox activity of the
photogenerated charge carriers.

The slow rate of CdS formation in dry Nafion film facilitates control of particle
size by limiting the time of H,S exposure. For example, it was possible to stop the
growth of CdS clusters by quickly degassing the sample cell and storing the film in
an inert (N, or Ar) atmosphere. Similar control of particle size has also been reported
for CdS (Nosaka et al 1989; Smotkin et al 1990; Misawa et al 1991), PbS (Mahler
1988) and CdSe (Gopidas and Kamat 1990; Yoneyama 1991) in polymer films. Another
approach to control the particle size is to decrease the concentration of Cd?” in the
polymer film. By decreasing the concentration of Cd?* from 10”* moles to 107°
moles, it is possible to grow Q-size CdS clusters with long time H;S exposure. By
diluting Cd?* concentration in Nafion with inert cations such as Ca®', it is also
possible to control the size of CdS and CdSe clusters (Smotkin er al 1990),

3.2 Emission spectra of CdS clusters in Nafion

Emission spectra recorded during the growth of CdS crystallites are shown in figure 2.
The blank film (spectrum «, recorded before the H,S exposure) exhibits relatively
small emission below 400 nm. This emission, which arises as a result of some organic
impurities imbedded in the Nafion film, does not interfere with the measurement of
CdS emission. Once the Cd** doped Nafion film is exposed to H,;S a new emission
band arises as CdS clusters are formed within the polymer matrix. As shown earlier,
this emission mainly arises from the sulfur vacancies at the CdS crystallites. With
increasing H,S exposure time an increase in the CdS emission is seen. In the initial
stages (spectra a in figure 2), the growth in CdS clusters leads to an increased

Emission Infensity (a.u.)

800 ) 700
Wavelength (nm)

Figure 2. Emission spectra of CdS clusters in Nafion film. The spectra were recorded at
various time intervals foilowing the exposure of the Cd?* doped (1 mmole) Nafion film to
H,S for 0 (a), 8 (b, 15 (c), 22 (d), 60 (e), 98 (1), and 180 min (g).
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absorption at the excitation wavelength, which in turn leads to the enhancement of
the emission yield. However, at longer times (spectra f and g ir. figure 2) a decrease
in the einission yield is observed. This shows that once the CdS clusters are fully
grown the cfficiency of radiative recomlination process decreases. Decreased surface
area and saturation of sulfur vacancies in larger crystallites is likely to affec: the
radiative recombination in the larger clusters.

Another interesting feature is the shift in the emission maximum of the CdS clusters
in the Nafion film. When the crystalliles are small, the emission maximum is centered
around 480 nm. But as the CdS cluster grows, the emission baud shifts to the red.
In a fully grown cluster, the emission maximum is observed at 580 nm. The blue shift
in the cwnission maximum of smaller Ca$ clusters is parallel to the shift observed in
the absorption edge (figure 1) and attributed to the size quantization effects. Thus,
one can utilize the emission properties to probe the size quantization of CdS clisters
in the potymer films.

3.3 Emission lifetimes

It has been shown earlier that the emission decay of semiconductor clusters provides
important information regarding kinetic and mechanistic details of charge carrier
recombination. A typical decay profile of CdS emission ai 470 nm is shown in figure 3.
Such a nonexpounential decay is attributed to the distribution of cxcited states at
various trapping sites that emit with different lifetimes. This multiexponential decay
was fit by a nonlinear least squares procedure to the three component decay law as
given by (James et al 1985),

F(t)=a,exp(—t/ty) +azexp(—t/t,} + ayexp(—t/t,). (1

The lifetimes analyzed from its decay kinetics are summarized in table 1. These range
from 0-85 to 480 us. The shorter-lived states were found to emit at higher energies.

i ).
0 10 20 0
Time (ns)

Figure 3. Emission decay profile of CdS clusters in Naflon monitored at 470nm. The
analyeis was carried out by fitting it to the three exponential decay kinetics, (1), using the
parameters: a, m 0037, 7, = 103118, a; = 0019, t; = 42913, a, = 00029 and 1, = 2373 s,
The profile of the laser pulse is also shown for comparison.
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Table 1. E nission lifetimes of CdS clusters in Nafion.

Emission Emission lifetimes® {ns)
wavelength

(nm) f, t 1 O
400 08$ 332 14-73 561
470 103 429 2371 1075
580 1480 111-5t 37978 17910
680 1877 12431 430-00 283-70

*Lifetimes were analyzed by fitting the decay to three
exponential decay kinetics

"The average lifetime (t) was calculated based on the
expression of James et al (1985): (t) = Xa r}/Lat,

Similar wavelength-dependent emission lifetimes have been observed for Zn(). 7S,
CdS and CdSe colloids (see, for example, Kamat and Dimitrijevi¢c 1980, Kamat 1991,
1993). The wavelength dependence of the emission lifetime arises from the contribution
of the Coulombic energy of interaction of the electron-hole pair to the total energy
of the emitted photon. A more detailed analysis of these lifetimes in CdS clusters has
been carried out by Chestnoy (Chestnoy et al 1980).

3.4  Time-resolved emission spectra

The contribution of various emitting centers which exhibit different emission lifetimes
was furthe: probed by recording time-resolved emission spectra. The CdS-doped
Nafion film was excited with 337 nm laser pulses from an N, laser (pulse width 0-5 ns)
and the emission spectra were recorded at different time intervals (figure 4). These
specira were normalized for the photomultiplier response. A decrease in the emission
vield as well as a red-shift in the maximum was s2en with increasing time. The
spectrum recorded immediately after the pulse shows a maximum around 440 nm.
while the spectrum recorded 52 ns after the laser pulse has an emission maximum at
480 nm. Similarity in the shape of the emission band in all these spectra suggests
that the same surface vacancy (sulfur vacancy) is responsible for all the emission
spectra recorded in figure 4. The steady state emission spectrum at 77K is also
shown for comparison. This steady state emission band is considerably red-shifted
and exhibits very little emission at higher cnergy (below 42 nm). This further supports
the carlier proposal (Chestnoy et ol 1986) that close pairs with small separating
distances emit faster and at higher energy than distant pairs for a fixed particle
diameter.

35 Possible upplications of CdS [ilms in solur energy conversion

It has been shown carlier that CdS clusters imbedded in the polymer film are an
excellent choice for the photoelectrolysis of water (Krishnan et ol 1983 Meisner ¢t al
1983; Finlayson et al 1988). Relatively large quantities of H, generation were produced
in the presence of an electron donor such as S2~. It should also be possible to utilize
such thin semiconductor particulate films in photoelectrochemical cells for directly
converting light energy into electricity. Significantly higher photocurrents have been
reported for larger size CdS particles precipitated from solution in Nafion films
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Photosensitizing propeities of squaraine dyes
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Absract.  The present report wumimgnises our tesults on the photoph, wcal and photiwhemacal
insestigations of a serses of aquara ne dyes which exhibit intense and sharp absorption bands
1n the visibie and near ifrared regrons The intramolecular chasge-transier transtions ansing
from the “donor-accepror-donor™ arrangements of these dyes have sn interesting effect on
their exaited stite properties The major nonradiative decay process of agnaraines i by
rotation about the O bonds between the central cyclobutane unit and its neighbourning
phenyl groups. Microencaging of one ¥ the dyes by S-cyclodert=in o polyid-vinylpyrudine)
was found to resttict this motion, bnaging about up to 90-{fold enhanoement in its luorescence
yiekd These aspects as well as the dynamuics of chaige transker from the excited unglet sare
of some of the squaratne dyes to T, and the recombination of the impected charge with
the dye radical cation are discussed

Keywords,  Photochemistry of smjuaraine dyes. S-ovclodextnn compiexes. poby id-vinyipy rdine 1
complexes, Ti(),-photosensiization

1. lntroduction

Squaric acid is known to undergo condensation reactions with a vanety of
nucleophiles to form 1, 3-disubstituted derivatives (squaraines), which kave very strong
absorption in the visible and near infrared regions (Sprenger and Ziegenbein 1966;
Schmidt 1980). The chemistry of squaric acid and other oxocarbons (Seitz and Imming
1992) and near-infrared dyes (Fabian et al 1992) have been reviewed recently. Although
the technological applications of squaraine dyes in organic solar cells (Morel et al
1984; Picchowski er al 1984), xerographic photereceptors (Tam 1980; Law 1993) and
optical recording media (Emmelius e¢ al 1989) have been extensively investigated,
reports on the photophysical properties of squaraine dyes have been limited (Loutfy
et al 1983; Law 1987, 1989, 1990; Vieira et al 1991). MNDO and CNDQO calculaiions
on the ground and excited states of his[(4-dimethylamino)phenyl]squaraine (})
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have shown that the molecule is highly polarized with the amino moiety being an
electron donor (D) and the central cyclobutane unit being an electron acceptor (A)
(Bigelow and Freund 1986).

These calculations also indicate that the S, — S, ¢electronic excitation is accompanied
by a charge transfer (CT), which is primarily confined to the central C,O; unit, with
a small degree of CT from the aniline moiety. However, the calculations indicate that
both the S, and S, states are highly polarized intramolecular D-A-D CT states,
The charge-transfer nature of these dyes also brings about interesting effects in their
solid state chemistry. Extensive intermolecular charge transfer interactions in the
solid state cause a red-shift accompanied by a broadening of their absorption bands.
These intermolecular interactions also make these dyves highly photoconductive in
the solid state. Highly conducting polymeric forms of such oxocarbon dyes have also
been recently reported by Havinga and Wynberg (Emsley 1992).
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Multiple emission bands have been observed for SQt (chart 1) and its Jderivatives
in solution. In a detailed study involving the effects of solvent and temperature on
the emission spectra of these dyes, three emission bands have been observed which
have been assigned to emiission from the free dye (x). dye-solvent complex (f) and
a twisted excited state resulting from the C - C bond rotation (;) (Law and Bailey 1987),

Here. our work on the spectral characterization of the excited singlet, triplet and
redox states of the squaraine dyes SQt SQS (chart 1), the hydrophobic interactions
uf SQS with fi-cyclodextrin and poly(4-vinylpyridine), as well as the dye sensitization
of 4 large band gap semiconductor. TiQ),, are discussed.

2. Experimental

The squaraine dyes SQI SQS were synthesised by reacting squaric acid with the
appropriate nucleophiles, by reported procedures (Sprenger and Ziegenbein 1966,
1968, Schmidt 1980). All solvents were o1 spectroscopic graae. Colloidal suspensions
of TiO, were prepared by a method described earlier (Kamat 1989). The details of
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quantum yield measurements. as well as the experimental set-up used for flash-
photolysis and pulse-radiolysis have been described carlier (Das et al 1992a; Kamat
et al 1992).

3. Results and discussion
31 Excited singlet, triplet and redox states

3la  Bis[4-(dimethylaminoyphenyl] squaraine derivatives:  The spectroscopic charac-
teristics of the squaraine dyes SQ1--SG... as well as their excited and redox states
are summarised in table 1 (Kamat er ol 1992; Patrick et al 1992).

Both SQ1 and SQ2 have sharp absorption bands with absorption maxima at 628
and 636 nm, respectively. The fluorescence quantum yicld and fluorescence lifetime
of SQ2 are about twice that of SQI. It has been suggested that the substituent OH
groups 1n SQ2 facilitate hydrogen bonding betwecen these groups and the CO-group
in the cyclobutane ring. which can restrict the rotational reluxation process of the
excited state (Law 1987). The excited singlets of SQI and $Q2 in methylene chioride
were generated by direct excitution with S32nm pulse. The transient absorption
spectra recorded at different time intervals, following laser pulse (1R ps) excitalion of
SQt is shown in figure | As discussed in an carlier section, the excited singlet state

Table 1. Facited state properties of squaraine dyes

Abserp. Fmis. Absarg- Absorp-

tion St tion uon Riadical Radical

iy max ity T, s 1"b b athin it
Dve  anmn ] g, nmi tnsi dy mmp b oSOt Smavtng o manin
SO 02K 654 [ I 1] [ P T 30 [{RTILY Jod S8
SQ?2 LR 1) heX -84 476 ta -t Lhs [IRT A §°
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Figure 1. Transient sbsorption spectia of ungict-cxaited SQ1 in methylene chlonde The
spectta were recorded. following 4.0 nm laser pulse excitation of 10uM SQ1 in methylene
chloride, at time antervals of O, 008, -1 OF5 G2 025 035 115, 078 174 and 276m
{Repninted with permission from Kamat ef of 1992 (@ 1992. Am. Chem. Soc )}
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can also exist in the solute-solvent complex and twisted-excited state forms. An
attempt was made to probe these states in transient absorption studies. Only a single
absorption peak was observed in the wavelength region 400-600 nm. Our studies so
far on the excited singlet states, viz. emission lifetimes and transient absorptio:
measurements, have failed to gather supportive evidence for the existence of multiple
singlet excited states.

To study the triplet excited states of the dyes by laser flash photolysis, a triplet-triplet
energy transfer method using 9, 10-dibromoanthracene (DBA) (E; = 167-4kJ mol " !)
as triplet sensitizer was employed, since direct excitation of the dyes led to very low
yields of the dye triplets (¢y = 0-01). Time-resolved transient absorption spectra
recorded after 355nm pulse excitation of DBA in methylene chloride solution
containing SQ! is shown in figure 2. The transient absorption spectrum recorded
immediately after laser pulse excitation (4 max: 425 nm) corresponds to the sensitizer
triplet. The absorption spectra recorded at time intervals greater than 10 us correspond
to the SQI triplet. The extinction coefficients were determined for the triplets of SQI
and SQ2 by a method described earlier (Carmichael and Hug 1986). The triplet lifetimes
of these dyes were 3-5 x 10% us, indicating that the triplet excited states, unlike the
singlet excited states, are insensitive to the presence of the OH group on the phenyl
ring.

The dye radical cation spectra were recorded by generating these cations by pulse
radiolysis of the dyes in methylene chioride solutions. Radiolysis of methylene chloride
produces highly oxidising radicals such as RCl" (Ford et a' 1989). The cxidation
potential of the squaraine dyc is very low (0:35 and 041V vs Ag/AgCl for SQI and

’
lo;oza..' 340 nm

0.03

-0.03

|
|
|
[
J

.0.08 A i A 15 N 1 i
400 500 800 700 80C

Wavelength (nm)

Figwre 2.  Encrgy transfer from triplet-excited 9. 10-dibromaoanthracene 10 SQ1 in methylene
chlonde Transient absorption spectra were recorded, followsng 159 nm laser pulse excitation
of & solution contaming 01 mM 9, 10-dibromoanthracene and 10 uM SQ1 &t time intervals
O LT3 D MG and 844 ) us The absorplion tume profiles in the insets show the
decay of the 9. 10-dibromoanthracenc tripiet at 425 nm and the formstion of "SQ! at 540 nm.
[ Reprinted with permission from Kamat ¢f al 1992 (@ 1992, Am. Chem. Soc.).]
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SQZ, respectively) and, hence, they can be oxidised by RCI. The spectra of the dye
radical cations obtained by pulse radiolysis are shown in figure 3. A strong overlap
of SQ! absorption with the ground state absorption of SQ1 was evident from the
small bleaching of the S,-§, band of SQI.

Direct excitation of SQ1 at high laser doses also gave risc to transient spectra
similar to those observed in the above pulse radiolysis experiments (figure 4) indicating
the formation of dye radical cations under these conditions. The formation of the
radical cation spectra a: high laser doses, and the linear dependence of the transient
absorbance on the square of the laser dose as shown in the inset of figure §, indicate

6 x Ae (103M7'cm™)
Gx A€ (10°M ' em™

a0 500 600 100
Wavelength (nm)

Figure 3. Transient absorption spectra of pulse radiolytically genetated cation radical of
@) SQ1 and (b) $Q2 1n methylene chiloride. The difference absarption spectra were recorded,
following the pulse radwlysis of (), satutated CH,Cl, solutions contaimng 10 20uM of
(@) SQ1 (A1 = 29 us) and by SQ2 (At = 60 uv). [ Reprinted with permission from Kamat ot al
1992 (¢ 1992, Am Chem S|
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Figwre 4. Photowmzation of SQ1 in CH,Cl; The different absorption spectra recorded
1@) 0us und (- ) S0 after $32nm excatation of 10uM SQ1 in CH,Cl; The inset shows
the dependence of SQ1 * yield (AA at 660 nm) on the square of laser intensity [ Reprinted
with permission from Kamat «f of 1992 (<> 1992, Am. Chem. Soc.))
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Figure 8. Influence of f-cyclodextrin concentration, [f-CD] on the emission spectrum of
35 x 10~ 3 M SQS in aqueous solution at pH = 8-6; [ §-CD] (a) 0-26; (b) 0-3; (c) 1-2; (d) 24 mM.
Excitation wavelength, 560 nm; inset shows plot of 1/(¢%—¢,) vs 1/[-CD]? for the
fluorescence yield enhancement of SQ5 ™, on addition of ﬂ-dD. [‘eprinted with permission
from Das et al 1992b (© 1992, R. Soc. Chem.)]

a biphotonic photoionization process as shown below

SQl(So)::SQl(S,)i:SQl'++e‘. N

The spectrum of the radical anion of SQ! was recorded by carrying out pulse-
radiolysis studies in nitrogen-saturated ethanolic solutions. A transient formed with
absorption maximum around 405nm was assigned to the SQI radical anion on the
basis of the known reducing nature of irradiated ethanol solutions (Butler and
Henglein 1980; Ford et al 1989). The formation of SQ1'~, has a half-life of 285 s and
this is attributed to the reaction of SQI with the solvated electron formed in the
above system. No decay of the transient absorption was observed for up to 1 ms.

3.1b  Bis(3-acetyl-2,4-dimethylpyrrole)squaraine (SQ3): The spectral characteristics
of the ground and excited states of SQ3, as well as the oxidised and reduced radical
ions are shown in table 1. Unlike SQ1 and SQ2, the pyrrole derivative (8Q3) was
relatively non-fluoresceiic (¢, =0-08) with an extremely short-lived singlet excited
state (1, = 222 ps). The intersystem crossing efficiency was slso very low (¢ = 0:02),
although relatively higher than for SQ1 and SQ2. The spectra of the triplet state as
well as the radical cation were generated and characterized as discussed earlier for
SQ1 and SQ2 (Patrick et al 1992).

Photoelectrochemical reduction of SQ3 in colloidal semiconductor was carried
with 308 nm laser pulse excitation. At this wavelength the absorbance of SQ3 is very
low and the TiO; colloid can be selectively excited. Since the reduction potential of
SQ3 was estimated as — 043V, which is below the conduction band of the TiO,
semiconductor (Ecy = — 0:5V), reduction of the dye can be carried out as below
(Kamat 1985):

TiO, = TiO(h* +e°), )
TiO,(e) + SQ3 ~ TiO, + 5Q3 . o)
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The absorption characteristics of the radical anion formed within the laser-flash
duration is given in table 1. Steady state irradiation at 325 nm of degassed colloidal
solutions of TiO, in acetonitrile containing SQ3 leads to a bleaching of the dye. On
bubbling oxygen through this solution, the original colour is partially recovered. The
bleaching of the dye may be attributed to the following disproportionation reactions
of the radical anion.

35Q3 " — $Q3 + 5Q32-, (4)
sQ32- 2 sQ3H,. (5)

The structure of the reduced product SQ3H, is tentatively suggested as

An analogous product has been observed in the case of a bis(methoxyphenyl)squaraine
dye. This compound could be oxidised to the corresponding dye using strong oxidising
agents such as bromine (Farnum et al 1968).

d1c Bis(2,4-dihydroxyphenyl)squaraine (SQ4) and bis(2,4.6-trihydroxyphenyl)squaraine
(SQ5): These dyes exist as several distinct ionic species in protonation equilibria
with each other and the spectral properties of the different species are summarised
in table 2. The difference in spectral details can be attributed to protonation equilibria
as described in scheme 1. In the case of SQS, four distinct forms were observed (table 2).
The emission spectra indicate that the singly Jeprotonated species (8§Q4~/SQ5 ™) are
the most fluorescent forms for both dyes. Howevei, tiie much higher quantum yield
of SQ4 as compared to SQS, suggests that the additional hydroxy groups in the
6- and 6'- positions of SQS might distort the planarity of the molecules due to steric

Table 2. Absorption and emission characteristics of various ionic forms of his(2.4-
dihydroxyphenyl)squaraine® (SQ4) and bis(2.4,6-trihydroxyphenylisquaraine® (SQ5).

Absorption  Emission Absorption

Tonic form max max T, max ppnlS =S,
Dye {pH) (nm) (nm) ¢, (ps) (S, ~S,)nm) 10*M ‘cm™!
SQ4 SQ4H* (1) 563 583 0010 <100 [ [

SQ4($) 530 582 0037 130 449 399

SQ4°(9) 588 607 0-092 140 453 104
5Q5 SQ5H*(2) 561 ~- < 0001 - 457 214

SQs(5) 508 - < 0001 30 — -

SQ57(82) 588 601 00t 240° — ~

SQs-(11) 543 — < 0-001 230° - -

* In 10% v/v acetonitrile/water solution; ® in 30% v/v methenol/water solution; © signa! is too weak to
analyse precisely; ¢ determined from ground state bleaching (it was assumed that the singlet state has no
significant absorption at S, — §; maximum); * in 50°; o/v acetonitrile water solution
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o4 OR gH DOH
+ -Ht
= H === HO D5 -
0 HO 0 HO
sgsnt 94

Scheme 1.

strain. The absorption characteristics of the excited singlet state formed by direct
processes, as well as the triplet state formed through the DBA-sensitized processes.
are summarised in table 2.

32 Fluorescence enhancement of  bis(2.4.6-trihydroxyphenylsquaraine (SQS) by
f-eyclodextrin and poly{(4-vinglpyridine) microencapsulation

As discussed above, the anionic form of SQS has a fluorescence yield of 001 in
methanol. The other ionic forms of SQ5 are relatively non-fluerescent. In aqueous
medium, SQS "~ is relatively non-fluorescent (¢, =0001) and also very sensitive
to air oxidation. Addition of #-cvclodextrin (8-CD) to an aqueous solution of SQS

Table 3. Absorption and emission characteristics of his(2.4,6-trihydroxyphenyl} squaraine
(5Q% n the presence and absence of (a) f-cyclodextrin [#-CD] in water (pH = 86) and
polytd-vinylpyridine) {P4VP) in methanol,

Amax{nm) Absorption
S e e m el 1, max
Solvent Absorption  Emission @ (ps) (S, - SyHnm)
1B-CDmAl
Water b SK4 595 0-002 85
Water 24 SR 608 016 1200
Methanol: water 1] 58X 598 001
(30°, ;00
Methanol, water 1-5 591 601 0-01
(30", ;1)
[PV PIM
Methanol 0 510 597 <0001 <30 414
Methanol 01 510,602 610 0o ~ 100 a
Mcthanol 0 R3] 601 0-02 185 420,490
contaming
ImM KOH
Methunol 01 602 615 02 2000 425,495
containing
IJmM KOH

* Signal is too weak to be analysed precisely
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brings about a significant enhancement (nea:ly 90-fold) in the fluorescence yield
of the anion (figure 5). which is accompanied by a shift of about 13-14nm in the
absorption and emission bands (table 3). Complexation of the dye by A-CD also
significantly enhances the chemical stability. The Benesi-Hildebrand analysis of the
emission data as a function of 8-CD concentration (inset, figure $) suggests a 2:1
host-guest complex formation, ie. two $-CD molecules complex with one anion
molecule. -CD encapsulation can bring about a decrease in the rotational freedom
of the phenyl groups, leading to an increase in the fluorescence yield. For the uncom-
plexed dye anion, hydrogen bonding with solvent molecules is an additional factor
influencing the non-radiative decay route. Encapsulation of the dye anion by two
B-CD molecules is likely to exclude the intermolecular hydrogen bonding between
the anion and water molecules. In the absence of such intermolecular hydrogen
bonding, the central oxygen atoms of the cyclobutane ring would preferentially form
hydrogen bonds with the OH groups in the adjacent phenyl groups, bringing about
a rigidization of the molecule. Such intramolecular hydrogen bonding was shown to
enhance fluorescence yield for the dimethylanilino derivatives (Kamat et al 1992).
The fluorescence lifetime (v, = 1-23 ns) of the complexed dye anion is much higher
than that of the uncomplexed anion (85 ps). Intersystem crossing efficiency is a minor
pathway for decay of the excited singlet states of both the uncomplexed and complexed
dye anions, as evidenced by the low triplet yields.

In basic methanolic solutions of SQS, addition of P4VP brings about a clear red
shift in the absorption band of the dye anion. The red shift in the absorption band
is accompanied by a significant enhancement of the fluorescence quantum yield
{figure 6; table 3). In neutral methanolic solution, the dye is predominantly in the
neutral form, with minor amounts of the anion being present. Addiiion of P4VP
to neutral methanolic solutions brings about a selective complexation of the ionic
form, accompanied by a slight enhancement in fluorescence yields (Das et al 1992).
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Figure 6. Dependence of fluorescence quantum yield of SQS on the concentration of P4VP:
(a) neutral methanol, (b) basic methanol ((KOH] = 30 x 10~ ? M). The excitation wavelength
was 340nm and the absorption at this wavelength was adjusted to O-1. [Reprinted with
permission from Das et al 1992a () 1992, Am. Chem. Soc.)]
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Hydrophobic interactions between the dye anion and P4VP may be attributed to the
selective complexation of thz anion. At the low concentrations of P4VP empioyed, the
macroviscasity will not affect the fluorescence yields very significantly. Interestingly,
addition of poly(2-vinylpyridine) does not bring about any fluorescence enhancement,
thus ruling out macroviscosity elfects due to the addition of polymer. Hydiogen
bonding between the nitrogen atom of F4VP and the anion seems to be the major
facior in bringing about complex formation. In P2VP, the nitrogen atom may be too
sterically hindered for this purpose.

3.3 Interaction of squara:nes with TiO,

The bis' (4-dimethylamino-2-hydroxy)phenyl]squaraine (SQ2) dye strongly interacts
with colloidal TiQ,, as indicated by the changes in the absorption spectrum (figure 7).
The presence of an isobestic point at 650 nm in these absorptions shows the existence
of the dye in the equilibrium between absorbed and unabsorbed states. The apparent
association constant, as determined by the Benesi-Hildebrand method, was 2667 M ™',
indicating strong interaction between the dye and TiO, (Kamat et al 1991).

Kapp
TiO, + SQ2+=—=[8Q2 - -TiO,]. (6)

The fluorescencc of the dye is strongly quenched by TiO,. This could be the result
of charge injection from the excited state to the conduction band of TiO,. The
oxidation potential of SQ1 is 1:5V vs NHE (Law 1990), which is favoutable for such
charge injection. Picosecond laser flash photolysis of solutions of the dye with and
without TiO, give the transient spectra shown in figure 8. In the absence of TiO,,
the spectrum characteristic of the excited singlet state of SQ1 is obtained. However,
in the presence of colioidal TiO,, an additional absorption peak appears at 580 nm.
The absorption band at 580 nm closely matches the absorption characteristics of the
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Figure 7. Absorption specta of Q1 (3mM) in 40% v/v methylene chloride and 60%, v/v
acetonilrile containing (a) 0, (b) 0-25, (c) 05, (d) 1 and (e) 2 xM of colloidal TiO;. The insert
shows the [itting of the 670 nm absorption to the Benesi-Hildebrand plot. [Reprinted with
permission from Kamat et al 1991 (© 1991, Elsevier Science Publishers, BY.)]
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Figure 8. Transient absorption spectra recorded immedistely after 532nm laser pulse
excitation (At = O ps) of SQ1 in 50% v/v dichloromethane and 50% v/v acetonitrile, without
{a) and with (b) colloidal TiO;(2:5 uM). (The absorption around 532 nm is masked because
of the interference from the excitation pulse scatter.) [Reprinted with permission from Kamat
et al 1991 (© 1991, Elsevier Science Publishers, BV.)]

dye radical cation, observed in the puise radiolysis studies (table 1). The difference
in the medium and adsorption on TiO, surface may be responsible for the small red
shift observed (20 nm). The charge injection may be represented as

SQ2*(S1) + TiO, »SQ2'* + TiO, (e). M

The decay of the transient was amalysed to give a lifetime of 270 ps for the dye radical
cation (k=2 x 1071957 1),

The photosensitization of TiO, particulate films by the squaraine dye, SQ4, has
also been investigated (Kamat 2t al 1993). The sensitizing behaviour was probed by
adsorbing the dye on TiO, colloid-coated OTE(OTE/TiO,) electrode. The photore-
sponse of the dye-modified OTE/TiO; electrode is shown in figure 9. Upon illumination
of this electrode with visible light (500 nm), a rise in photovoltage is seen. The open
circuit voltage remained steady as long as the irradiation was continued. When the
lamp was turned off the voltage quickly dropped to the dark value. The photoelectro-
chemical effect at the OTE/TiO,/dye was reproducible over several cycles of
irradiation. The photocurrent action spectrum closely matches that of the dye anion.
The maximum photon-to-photocurrent efficiency obtained was only 0-05%, which is
considerably lower than the fluorescence quantum efficiency of 3-9%, This shows that
the reverse electron transfer is still a major factor in limiting the photosensitization.
By suitable modification of the dye or by using a suitable redox coupled semiconductor
system it should be possible to improve the performance of such photoelectrochemical
cells.

4. Conclusions

The strong absorptiun and emission bands of the squaraine dyes in the visible and
near infrared regicns, along with their ability to undergo reversible oxidative and
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Figure 9. (A) The photovoltage (open-circuit) “esponse of a squaraine dye (SQ4) modified
electrode (OTE/TiO;/SQ47) to illumination at 500nm in a photoelectroctemical cell
containing Pt foil as counter electrode and aqueous 1'5M KCl as electrolyte. (B) The
dependence of maximum open-circuit photovoltage of OTE/TiO,/SQ4~ on the incident
light intensity. [Reprinted with permission from Kamat ez al 1991 (© 1991, R. Soc. Chem.)]

reductive photoelectron transfer processes, make these dyes “tighly suitable for
photosensitization purposes. These dyes are capable of sensitizing se. “iconductors such
as TiO,. The extreme sensitivity of the absorption and emission ; operties to the
solvent media can be utilised for probing hydrophobic and hydrophilic .nvironments.
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Photoinduced electrou transfer reactions of truns-stilbene surfactants
in Langmuir-Blodgett assemblies and phospholipid bilayers

DAVID G WHITTEN?®, INNA FURMAN, CRISTINA GEIGER,
WANDA RICHARD and SUSAN P SPOONER
Department of Chemistry, University of Rochester, Rochester, New York 14627, USA

Abstract. The photochemistry and photophysics of a series of stilbene-functionalized fatty
acids (SFA) have Leen examined in homogeneous solutions, supported Langmuir--Blodgett
assemblies, and as guests in phoopholipid bilayers and micellar dispersions. The spectroscopic
characteristics of stilbene-functionalized derivatives of phosphatidyl choline (SFA-PC) have
also been examined in organic solvents, aqueous dispersions and aqueous solution containing
an excess of dipalmitoyt choline (DPPC), as well as in aqueous-methanol solutions containing
y-cyclodextrin, Lanpmuir-Blodgett assemblies of individual SFAs, as well as mixtures of
various SFAs, exhibit spectroscopic oroperties (blue-shifted absorbance and red-shiited
fNluorescence relative to those observed in organic solvents) consistent with the formation of
an “H" aggregate. The same effect is observed for SFA-PCs in aqueous dispersions and in
aqueous-methanol solutions containing y-cyclodextrin. The “H" aggregate {a found to be
the preferred geometric orientation of the stilbene chromophores which may correspond to
an energy minimum for the systems investigated. Preliminary studiea with SFA-PC in
methanol-water solutions containing y-cyclodextrin suggest that an association of only two
stilbene chromophores is required to form the “H" aggregate.

Keywords. Photoinduced eclectron transfer; stilbene surfactanis; Langmuir-Blcdgstt
assemblies; phospholipid biluyers.

1. Introduction

The stilbene chromophore is one of the most widely investigated conjugated organic
systems, due both to its characteristic and rich photochemistry and its spectroscopic
accessibility (Hammond et al 1964; Saltiel et al 1975; Saltiel and Chariton 1980; Itoh
and Kohler 1987; Allen and Whitten 1989; Saltiel 1992). In recent years, we and others
have focused considerable attention towards the photophysics and photochemistry
of substituted stilbenes and related molecules incorporated as guests in a variety of
microheterogeneous media (Geiger and Turro 1977; Russell et al 1980, 1981; Brown
et al 1985; Suddaby et al 1985). The sensitivity of the stilbene chromophore towards
viscosity and local order results in its serving as a fairly sensitive probe to the local
environment provided by these media; dramatic effects have been observed on both
the thermal and photoinduced reactione of the stilbene chromophore in these media
in a number of different investigations (Brown et al 1985; Mizutani and Whitten 1985;
Takagi et a! 1986). Incorporation of the trans-stilbene chromophore into a saturated
fatty acid res.lts in an amphiphile which is expected to form assemblies “anchoring”

*For correspondence
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the stilbene chromophore in a relatively hydrophobic and ordered site, especially in
Langmuir-Blodgett and various bilayer assemblies in aqueous media. In fact, we
have found that the “stilbene fatty acids” (SFAs) are excellent surfactants which have
film-forming properties very similar to the corresponding saturated fatty acids having
the same overall lengths (Mooney 1983; Mooney et al 1984). In examining the
compression, for example, of SFA films at the air—water interface, the behavior and
limiting dimensions are found to be almost indistinguishable from corresponding
saturated fatty acids when either pure SFA or SFA fatty acid mixtures are examined.
However, our earliest investigations of these films revealed that both in compressed
films at the air-water interface and in assemblies supported on rigid optically
transparent supports (formed via sequential transfer of films from the air-water
interface) the stilbene chromophore shows evidence of aggregation which sharply
modifies the absorption and photophysics of the parent chromophore (Mooney 1983;
Mooney et al 1984; Mooney and Whitten 1986). In the present manuscript, we discuss
the behavior of these SFAs in several media with emphasis on their reactivities in
transferred supported multilayers.

2. Results and discussion

2.1 General properties of tke SFAs

Chart 1 illustrates the structures of seeral of the SFAs used in this study and shows
the codes used in representing them. These stilbene derivatives can all be incorporated
into fluid solutions of microheterogeneous media such as detergent micelles or
phospholipid bilayers. Incorporztion inte sodium dodecylsulfate micelles results in
reactivity very similar to that observed in homogeneous organic solvents. Absorption
and fluorescence specira characteristic of the stilbene monomer are observed and the
fluorescence and isomerization efficicncies are comparable to those observed in
nonviscous homogeneous sclutions (Brown et al 1985). In contrast, several of the
SFAs shown in chart 1 exhibit pronounced chenges compared to homogeneous
solutions when ‘incorporated as “guests” into phospholipid bilayer solutions with
strong increases in the monomer fluorescence efficiency and lifetime, particularly in
the more rigid low temperature or gel phase (Suddaby et al 1985). For the intrachain
SFAs, ,Sea and (S,4. the flucrescence efficiencies approach unity and isomerization
is virtually eliminated. As indicated above, the SFAs exhibit quite different behavior
when incorporated into supportcd Langmuir- Blodgett multilayers. Typically the
SFAs can form pure monoleyer films ui they can be used in mixtures with saturated
fatty acids of similar overall indicated length for the fully extended molecules. Figure
1 compares the solution aud LB muitilayer assembly fluorescence and absorption
for §S4a- The red shift in fluorescence and concurrent blue shift in absorption can
be readily ascribed to the formation of an “H" aggregate which would be predicted
for a closely packed array of SFA molecules enforced by film compression (Mooney
et al 1984). The types of aggregates that might be anticipated for chromophores such
as the SFAs are demonstrated in figure 2. We originally suspected that “*H" aggregate
formation should be observed for very concentrated LB films and supported
multilayers formed from a single SFA as a consequence of a packing phenomenon,
rather than due to any preferential association phenomenon (Mooney et al 1984).
Nonetheless we found that aggregate formation is very general for all the SFAs studied
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Chant 1.

to date and persists for these compounds to the lowest dilutions (1:20 SFA:fatty acid
“"host”) with little change in the appearance of the aggregate fluorescence or absorption
(Spooner et ai, unpublished results).

Studies of the aggregate photophysics in assemblies containing potential quenchers
which might serve as energy or electron acceptors from the SFAs indicate that the
aggregates function as good donors in both cases but are very inefficient in transferring
energy between adjacent layers of SFA (Mooney and Whitten 1986). For example,
in an earlier study with layers of 544, it was found that while energy transter (half-
quenching distance of 70 A) occurs even when the SFA and cyanine quencher are
separated by more than one layer, there is no enhancement of the quenching when
multilayers of the SFA are placed in contaci with a single layer of the cyanine (Mooney
and Whitten 1986). This indicates quite clearly that the SFA aggregates are very
inefficient at “relaying” energy by degencrate transfer of singlet excitation across
adjacent layers and result in no “antenna effect” such as might be anticipated were
degenerate energy transfer to occur with reasonable efficiency. This observation is
probably reasonable in view of the low oscillator strength of the low energy (long
wavelength) transition associated with the H aggregate and the large “Stokes shift"
between fluorescence and absorption.
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2.2 Experiments with mixtures of stilbene fatty acids

The diagram shown i iigure 2 suggests that different SFAs might associate to form
aggregates having different photophysical properties. Most notable is the prospect
that two or more SFAs in an array leading to a large “offset” of the stilbenc
chromophore might result in an aggregate having “J" character which could lead to
a high oscillator strength and fast fluorescence from the low energy transition with
a resultant highly efficient degenerate energy transfer or “antenna effect™. Towards
this end, we have examined Langmuir- Blodgett assemblies formed from mixtures of
three or five SFAs with a saturated fatty acid host. In one case we used a 1:1:1:1:1:$
mixture of (Sea. 6S4a. Sioas Siza. Sisa and arachidic acid; more extensive
investigations have been carried out with a 1:1:1:3 mixture of ;S.. ¢S,a. S, ;4 and
arachidic iicid. In both cases, relatively similar behavior has been observed (Spooner
and Whiiten 1991). The absorption spectrum is very similar to that shown for a single
SFA in figure 1 and the fluorescence is rather similar (figure 3) and dominated by a
relatively long-lived component suggesting a forbidden lowest energy transition
similar to the “H™ aggregate observed with a single stilbene. However, a number of
studies with assemblies of different compositions have shown that the SFA mixture
gives very different photophysical behavior compared to assemblies of similar com-
position but with only a single SFA. Fluorescence from a singie layer or bilayer
of the SFA mixture is readily quenched when a gquencher {electron acceptor such as
a surfactant viologen or cobalt complex) is incorporated into the same or adjucent
layer with hydrophilic-hydrophilic contact. Moreover, quenching by a single layer
of quencher can be effective for assemblies containing several sequentially deposited
layers as illustrated in figute 4. Thus, for the SFA mixture we observe results consistent
with the effective migration or delocalizauon of excitation over several multilayers
but overall spectroscopic characteristics associated with the “*H" uggregate. This raises
several questions which we have attempted to address in recent invesiigations.
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Figure 3. Fluorescence quenching of 5 luyers of the stilbene mixtures vs 5 layers of a single
type of stilbene.
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Ex ==

Figure 4.  Fluorescence spectra of ,S,, and the stilbene mixtures - as compared to a slide
containing five layers of the stilbene mixture, the addition of a layer of V,,, (as shown
abave) results in 417 (a) and 5%, () reduction in the fluorescence intensity.

2.3 Questions concerning the "H" aggregate

The finding that mixtures containing several SFAs give absorption spectra similar to
those for a single SFA or SFA-arachidate mixture and dominated by the relatively
sharp “blue-shifted™ transition near 270 nm suggests that the “H" aggregate may
represent a selective association of the stilbene chromophore and not simply an
association “forced™ by packing of the amphiphiles as the films are compressed.
Although the SFA mixture films exhibit limiting areas/molecules and high compress-
ibility similar to those of cither arachidate or single SFA-arachidate mixtures, the
“lift off* (initial rise in surface pressure as the film is compressed) occurs for the mixed
films at somewhat larger areas/moiecules than for those of simpler composition
(Spooner et al, unpublished results). This might be taken as evidence that some
association of the SFAs occurs before the films are completely compressed. While
various theoretical models of the “H" aggregate suggest a range of sizes from fairly
small limiting numbers/aggregate to relatively large numbers of monomers, the
persistence of similar aggregate spectra and photophysical properties over a wide
dilution range for a single SFA-arachidate mixture suggests that the limiting aggregate
probably consists of a relatively small number of monomer units. We shall address
the important question of limiting size of the aggregate a little later.

One of the interesting features of the “*H" aggregate formed from the SFAs is that
it is a rather general process for a series of amphiphiles containing conjugated systems
similar to the stilbene chro:nophore (Spooner et al, unpublished results). Moreover,
the absorption spectra of a series of aggregates from different amphiphiles are remar-
kably similar even in cases where significant substitution occurs that results in rather
large differences in the solution monomer spectra. Chart 2 shows the structures of
several surfactants we have found exhibiting similar behavior with regard to aggregate
formation ecither in pure films and supported layers or in mixtures with saturated
fatty acids of corresponding chain length. Figure S compares absorption spectra of
several of these aggregates in quartz-supported Langmuir-Blodgett assemblies. While
the aggregate absorption spectra are all quite similar, the aggregate fluorescence
differs substantially, depending upon the individual chromophores and these differences

) —
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Figure 6. Comparison of solution and multilayer assembly spectra of (B,,.

have not yet been systematically studied. Interestingly, the strength of the aggregate
seems to be quite variable and generally decreases with extension of the «, w-diphenyl-
polyene chain. Thus ,H,, and B, can be rather readily diluted from “aggregate™
to monomer by dilution with arachidate (see figure 6 for ,B,,) in contrast to the
SFAs. Furthermore, addition of a small amount of functionalized surfactant with a
lower energy fluorescence than that from the SFA aggregates results in a fluorescence
spectrum dominated by the “guest” indicating that energy transfer within a single
LB film layer is very efficient.

While the presence of the “pure” “H" aggregate is easy to assess in the many cases
discussed thus far, either with a single conjugated surfactant or a mixture, the question
of different or “mixed” aggregates remains somewhat unresolved. It is tempting to
associate the small differences in fluorescence spectra for the SFA mixture shown in
figure 2 with a small amount of mixed aggregate (fluorescence occurs at wavelengths
longer than pure monomer fluorescence in solution but at wavelengths shorter than
those associated with the “H" aggregate). The presence of such a species could also
account for the efficient “delocalization™ of excitation discussed above in connection
with the SFA mixture in LB multilayers. Spectral subtraction of the single SFA
aggregate from the mixture provides what might be the spectrum of a "mixed aggregate™
(figure 7).

24 S:ilbene fatty acid phospholipids

A different approach, which we have recently initiated, to the study of aggregate
formation with the SFA derivatives involves the synthesis and study of stilbene fatty
acid esters of phosphatidyl choline (Furman et al, unpublished results). Synthesis of
bis-SFA-phosphatidyl choline derivatives is reasonably straightforward; selective
enzymatic hydrolysis to the mono-SFA-phosphatidyl choline and esterification with
a second SFA afford phosphatidyl choline derivatives containing two different SFAs
{Furman et al, unpublished results). Chart 3 shows the structures of the three SFA-
phosphatidyl choline derivatives that we have initially studied. To date, we have
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Figure 8. Absorbance (8) and fluorescence spectra (b) for bis S, PC in water (—-—),
methylene chioride (---) and 1:100 S,z PC:DPPC in water ().

examined the behavior of these three SFA-PC Jerivatives in dilute organic solvents,
in water and in water-containing excess of dipalmitoyl phophatidyl choline (DPPC).
We have also examined the behavior of the SFC-PC's in aqueous and aqueous methanol
solutions with y-cyclodextrin. All three SFC-PC's show essentiaily identical behavior
in dilute methylene chloride solution. The absorption and fluorescence spectra are
nearly identical to those of the monomeric stilbene fatty acid (e.g. ,S44) in the same
solvent; the fluorescence quantum yield and lifetime are also similar for the SFC-PC's
in methylene chloride to that of the SFA monomer. This clearly indicates that in a
non-polar or moderately polar aprotic solvent there is little tendency for the trans-
stilbene chromophores of the SFC-PC’s to associate with one another, even though
the “local concentration” is extremely high. The three SFC-PC’s all show rather
similar behavior on dispersal in pure water; bota the absorption and fluorescence
spectra are clearly those of the “H” aggregate and nearly identical to those obtained
in LB assemblies of the SFA's. Some preliminary studies indicate that the organized
assemblies formed from pure SFA-PC - presumably bilayer vesicles or multilamellar
vesicles - are much larger than those formed by similar treatment of DPPC. The
spectral behavior of the SFA-PC's in dispersions 1:100 with DPPC in water is slightly
different for each PC but in general different from either monomer or “*H" aggregate
(figure 8). The absorption spectra show rather broad bands extending from the range
of the “H" aggregate on the blue to slightly beyond the monomer to the red. The
fluorescence is predominantly monomer but has at least some contribution from a
longer wavelength component.

More illuminating results are obtained from studies of the SFA-PCs in aqueous
methanol solutions containing y-cyclodextrin (Furman et al, unpublished results).
Although pure aqueous solutions give only an “H" aggregate spectrum, addition of
methanol results in conversion to a monomer absorption and fluorescence, indicating
that the bilayer aggregates are being dispersed and sulubilized into dissolved monomer.
However addition of y-cyclodextrin results in a change in both absorption and
fluorescence as shown in figure 9. The changes are most pronounced for the bis(,S¢g)
PC for which both the absorption and fluorescence are clearly that of the “H" aggregate.
For bis(¢S.g) PC and (,S¢p, 4S4) PC, the spectra resemble those of the same PC's
in diluted aqueous solutions with DPPC as the “host.” The results with the bis(,Sqg)




- e

Langmuir-Blodgert assemblies and phospholipid bilayers 537

(a)
--- 1} Methanol-water
S —11 ?chnnol-wunn
5| i -Cyciodextrin
”30 B W™ —.— Water alone
¥ oL
rar
@
c
£
- ‘ —
-
0 L
350 400 450 500
Wavelength (nm}
(b)
—A
€ Hg-
R WA 2 C5HipC00~ CHy

CSHIOCOO CH\ ,0 ,/ ONNMQ

\}
CH
¢ ?_O-\‘C)‘CB"GCOO —CHy
€N e c+'.
-=C C3HgC00 \ oL o’\,NMe+

H O /.
G 9C3H6C°0—-CH2 0
C‘H N Hypc00—ch
5T~y /\/ NM
\C o,/ /\, e

Figure 9. (a) Fluorescence spectra of bis .S, PC in water, 1:1 methanol-water and 1:1
methanol-water + y-cyclodextrin. (b) Absorbance spectra of ;S.EFFC, ,8,:PC and S,
454 PC diluted 1100 with DPPC in water.

PC suggest that the minimum “H" aggregate is a dimer (since models suggest it is
impossible to fcrce more than two trans-stilbene units into the cyclodextrin cavity).
The difference between this PC and the cther two examined thus far is ascribed to
the distance of the stilbene chromophore from the phosphatidyl choline head group
and glycerol backbone. For the two PC's containing shorter chains it appears
reasonable that there ‘s insufficient flexibility for the two stilbenes to form the “ideal”
“H" dimer and so forced association leads to an aggregate having different spectroscopic
properties. In the case of the longer chain separation, ideal “H” aggregate geometry
can be attained and the spectroscopic properties are aimost identical to those in the
extended bilayer or multilayer assemblies.

3. Conclusions

While we are still examining n.any aspects of the controlled formation of aggregates
in LB assemblies and phospholipid bilayers, the results obtained thus far suggest that
the limiting spectral shifts for the aggregate can be attained with an “H" dimer and
that this species does indeed represent an energy minimum. The association to form
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the “H” aggregate or dimer is evidently closely related to apolar association of other
aromatic chromophores in aqueous media (Dewey et ai 1978; Diederich 1990; Smithrud
et al 1990) and may exert important control over the type of assembly formed by
these aromatic-functionalized amphiphiles. While the “H” aggregate clearly represents
an energy minimum or at least a favored aggregate, our studies with the phospholipids,
and to some extent the LB assembilies, suggest that packing forces can in some cases
lead to the formation of different aggregates having quite different photophysical
properties which may be of interest in tuning the behavior of extended arrays of these
chromophores. While these arrays of organic chromophores may be thought of as
“supramolecular” species having a commonality with inorganic quantum species such
as clusters or semiconductor colloids (Lehn 1988; Kortan et al 1990), the stereochemical
complexity of the organic chromophores makes their behavior potentially much more
complex and possibly quite versatile.
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Electron transfer through vesicle membranes: Mechanistic
ambiguities

LEIF HAMMARSTROM®* and MATS ALMGREN

Department of Physical Chemistry, University of Uppsala, Box 532, S-751, 21 Uppsala,
Sweden

Abstract. We have studied transmembrane electron transfer mediated by an amphiphilic
viologen (C,, ,.V3*) in lecithin vesicles. There is no long-range clectron transfer between
viologens bound to opposite interfaces of the vesicle membrane, as is often proposed. Instead
we proposed a mechanism where 1he rate-determining step is the disproportionation of two

viologen radical cations (2C,, V*eC, V¥*+C . VO forming a doubly reduced,

uncharged viologen that transfurs electrons by rapid transmembrane diffusion and subsequent
reduction of electron acceptors. Stuclies on other redox mediators provided further information.
A brief background to the ficld is given, including comments on work done by others in
relevant systems.

Keywords. Electron transfer; membrane; viologen; disproportionatic- 1 mechanism.

1. Introduction

The separation of electron transfer products i ue primary step in both natural and
artificial photosynthesis. There are basically two approaches to separation of the
initially produced “electron/hole™ -pair: one is by using microheterogeneous media
tmicelles, vesicles etc.) and the other is by using a sequence of electron transfer steps
between species in a relatively ordered array, as for example in covalently linked
donor-acceptor systems (CLDA) (Balzani and Scandola 1991). There are only few
examples of artificial systems combining both approaches (see e.g. Matsuo 1985,
Moore et al 1987, Krueger et al 1988, Nango et al 1988, Momenteau et al 19t9,
Kobuke et al 1991, Kuginuya et al 1991), as natural photosystems do. Using, for
example, a CLDA in a vesicle is an attractive extension of the artificial systems.
However, it is necessary to control and understand the simple vesicular systems better
before trying to incorporate more complicated molecules. Despite the great number
of articles describing transmembrane electron transfer in vesicles (for recent reviews,
see Hurst 1990, Robinson and Cole-Hamilton 1991, Lymar et al 1991), the general
understanding of these systems is still very limited, especially concerning the mechanism
of transmembrane electron transfer.

We have studied a system where an amphiphilic viologen (C,, ,.V) acts as redox
mediator ir. vesicles of egg lecithin. We have fornd that there is no long-range electron
transfer through the vesicle membrane betweer. viologens bound to opposite interfaces,
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as is often proposed. Instead, we propose a mechanisin where two singly reduced
viologen radical cations exchange an electron in a disproportionatiou reaction, (1).

2C,  V*eC . VI* +C¢ . VO (1)

The doubly reduced, uncharged species thus formed diffuses rapidly through the
membrane and reduces a secondary acceptor. By comparing with similar redox
mediators we have been able to examine detailed reaction steps and draw further
conclusions.

This article will summerize our results (Hammarstrom et al 1992, 1993) and comment
briefly on the results of others in similar or otherwise relevant systems.

2. Transmembrane electron transfer in vesicular systems

21 Vesicle characteristics

A very common type of vesicle is that composed of phosphatidylcholine lipids. Some
of its properties are summarized in tigure 1. The zwitterionic head-group is rather
large and the two acyl chains usually contain 16 or 18 carbons. Natural lecithin is
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Figure 1. A schematic cross-section of a small, unilamellar vesicle of lecithin. There are
typically 2 3000 monomers; the diameter is 200-300 A and the thickness of the membrane
bilayer is 2 40A. Also shown are the structures of a typical phosphatidylcholine lipid, a
monomer of DHP, and of DODAX (see text).
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a mixture with many mono-(or poly-) unsaturated chains. Because of the mixture
and presence of unsaturated chains the lecithin vesicles are in a liquid state instead
of a gel state at room temperature. Lateral diffusion is thus rapid, but exchange of
monomers between the different monolayers in the same vesicle or between different
vesicles is extremely slow (of the order of one day).

The most important types of synthetic vesicles are composed of dihexadecylphosphate
(DHP) or dioctadecyldimethylammoniumhalide (DODAX, figure 1). They are, of
course, highly charged and the effective size of the monomer head group is strongly
dependent on the counter-ions present. They are therefore more sensitive to per-
turbations from di- or multivalent ions - and also from complex-forming additives -
than lecithin vesicles and are thus known to fuse or to be destroyed upon addition
of several species (Carmona-Ribeiro 1992; Hurst er al 1983; Robinson et al 1990).
Vesicles of DHP and DODAX are larger than the small, unilamellar vesicles of egg
lecithin, but the thickness of the bilayer is about the same (x40 A). As for vesicles
of non-mixed saturated phosphatidyl choline (e.g. pure DPPC), they are in a gel-state
at room temperature.

It is possible to trap water-soluble species in the internal water phase of the vesicles
since the membrane allows only very slow diffusion of most ions, and the same species
can be removed ftom the bulk (external) water phase by gel exclusion chromatography
resulting in an asymmetric arrangement. It is also possible to dissolve hydrophobic
species in the hydrocarbon core of the vesicle and to bind amphiphilic molecules to
the inteifaces. Thus, vesicular systems allow manifold arrangements of redox-active
species.

22 Mechanistic principles

There are two types of mechanisms possible for electron transfer through vesicle
membranes mediated by water soluble or interfacially bound species (figure 2). One
is diffusive, where the redox-mediator is reduced on one side and oxidized on the
other, and at least one redox form diffuses through the membrane. More than one
electron can be carried by each mediator and protonation/deprotonation can also
be involved. The diffusion can be fucilitated by a carrier, for example, and the reduction/

A=

Ja e

Figure 2. Schematic picture of the two types of mechanistic principles for transmembrane
clectron transfer discussed in the text: diffusional mechanism (top) and sell-exchange
mechanism (bottom).
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oxidation steps of the mediator can be very complicated. The important feature is
that the diffusive mechanism does not involve long-range electron transfer but requires
transmembrane molecular motion, reversible or not.

The other type of mechanism is self-exchange between a reduced mediator on one
side of the vesicle and an oxidized mediator on the other (figure 2). In the self-exchange
reaction, the electron is supposed to be transferred via tunnelling, perhaps in several
steps if there are mediators distributed at different depths in the membrane. A super-
exchange mechanism where the hydrocarbon chains of the vesicle surfactants would
facilitate electron transfer has als:: been suggested. Direct self-exchange between
interfacially bound mediators, ie. over a distance of at least 30 A, is not possibic.
Simple calculations on both barrier penetration and super-exchange result in predicted
rates that are several orders of magnitude slower than the observed ones. Sometimes
itis argued that the actual transfer distance is diminished by simultaneous, momentary
and partial penctration of the membrane by two mediatois on opposite interfaces
prior to their self-exchange reaction, thus depending on a sequence of coincident
events. The ideas of self-exchange mechanisms over long distances has of course been
inspired by the increasing awareness of the importance of long-range electron transfer
in biological systems (Johnson et al 1990) and of the successful work on artificial
covalently linked donor-acceptor systems (CLDA; Balzani ard S.andola 1991). The
term “long-range” in those systems usually refers to 15 A or less, while the thickness
of the hydrophobic part of a vesicle membrane is > 30 A. Furthermore, in the vesicular
systems the donors and acceptors are (usually) not linked either to each other or to
the surfactants of the vesicle, and the hydrocarbon chains of the latter are flexible
and not linked across the bilayer. Thus there are substantial differences between the
systems that make long-range electron transfer via tunnelling or super-exchange
across the entire membrane of the vesicles much less plausible.

The self-exchange type of mechanism is electrogenic, i.e. if there is no charge
compensating ionic flow a transmembrane electric potential will rapidly build up,
thus terminating the electron transfer reaction. The diffusive type of mechanism is
also clectrogenic if the diffusing species is charged. This complicates interpretation
further since the charge compensating ions are often nnt identified. These could be
H*/OH™, one of the redox-active species themselves or any other ions present.
Usually the rates of transmembrane diffusion of those species are not known. Thus
it is often possible to explain unexpected results by suggesting that there are different
rate-limiting steps under different circumstances. Very rapid (in the order of 1 ms)
rates of proton transfer through lecithin vesicle membranes have been reported by
several workers (Ceve and Marsh 1987, and references therein). If this is correct, the
charge compensation is usually not a problem since the observed rates are much
slower in most cases.

23 Systems with biological redox mediators

This section contains a few examples of systems relevant to the question of the
mechanism of transmembrane ¢lectron transfer. For a more complete list the reader
is referred to the reviews on this topic (vide supra).

Maay biological redox mediators are large compared to the membrane thickness,
and are also, at least partially, hydrophobic. For example in a system studied by
Tabushi and coworkers (Tabushi and Nishiya 1981) cytochrome-c3 was bound to both
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interfaces of lecithin vesicles. Due to their large size (=30 A) and partial penetration
of the membrane by cytochromes on different sides of the membrane, they could
form an aggregate acting as an clectron channel through the membrane allowing for
electron transfer between the cytochromes.

There is evidence (Ford and Tollin 1982) that cholorophyll-a{chl-a) binds in a
heterogeneous manner to lecithin vesicles so that there are chl-a bound interfacially
as well as in the hydrophobic part of the membrane. The rapid transmembrane
electron transfer observed in this system (k,,, = 10*s~!) can be explained by a sequence
of electron transfer steps between chl-a molecules distributed at different depths in
the membrane. The distance in each step can then be small or of moderate size (a
few Angstréms).

Transmembrane electron transfer between hydrophobic Mg-porphyrins linked by
spacers of different lengths to hydrophilic “anchors™ on different interfaces of the
membrane has been studied (Dannhauser et al 1986). No electron transfer was
observed until the edge-to-edge distance between the porphyrins was 4 A or less.

There are several systems with porphyrins that exhibit transmembrane electron
transfer. For photoinduced reactions in many systems, it has been observed that the
transmembrane electron transfer is a two-photon process. This has sometimes been
taken as evidence for a long-range self-exchange reaction between a photo-oxidized
porphyrin on one side of the membrane and a photo-excited or photo-reduced
porphyrin on the other (Katagi et al 1981, 1982; Lymar et al 1991). However, in other
systems there was a carrier for the electron acting as a mediator via diffusion between
the porphyrins (Matsuo et al 1980). A two-photon ionization of a porphyrin dimer
on one side of the membrane has also been proposed as the initial reaction step,
explaining the quadratic dependence on the number of photons (Jusupov et al 1985).
It seems possible that the relatively hydrophobic porphyrins could be distributed in
the membrane in the same way as the chl-a (vide supra) allowing for short-range,
multi-step electron transfer, even if some results indicate that most porphyrins are
located closer to the interface of the membrane than to the middle (Lymar et al 1991).
In the latter case the observed two-photon dependence could be explained by the
dimer-process according to Jusupov et al (1985).

24 Systems with viologens as mediators

Viologens constitute a very important class of redox mediators (Bird and Kuhn 1981),
Usually the substituents on the nitrogens of the bipyridine rings are simple alkyl
groups (figure 3), but several compounds with, for example, charged substituents have
been synthesized (Summers 1991). The alkyl substituted viologens are in the following
abbreviated C, ,.V where n and n’ are the number of carbons in the substituents. The
air-stable form is a dication which can be reduced to the radical cation, which under
certain circumstances can be further reduced to the electro-neutral, doubly reduced
form. The redox steps are reversible and an equilibrivm constant, K,, for dispro-
portionation, (1), can be defined as below:

Ki=([C,, V" JCow VIICow V* 12 @

This equilbrium has been studied in several homogenous media (Bird and Kuhn
1981; Mohammad et al 1981). Viologens are also known to form dimers; in particular
the radical dimer has been studied, but mixed dimers are also known to exist (Bird
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Fignre 3. The redox mediators used (from top): C, . V?*,.C B*.C, NA",

Figure 4. The system of Tricot and coworkers, Shown is the configuration where both CdS
and MV2* are in the interior of the DHP vesicles. The curved lines represent the interfaces
of the membrane where the exterior is to the left and the interior to the right of the lines.

et al 1981). The different redox forms are spectroscopically distinct and can thus be
detected by absorption spectroscopy.

Tricot and coworkers (Tricot and Manassen 1988; Tricot et al 1991) have used
colloidal particles of CdS adsorbed 1o DHP-vesicles as photoexcited electron donors
with water soluble methylviologen (MV?*) as acceptor (figure 4). By combining
absorption spectroscopy and electrochemical detection they were able to distinguish
between viologen radicals in the internal water phase of the vesicles and those in the
bulk phase. They concluded that there was no photostimulated diffusion of oxidized
MV3* through the membrane, but upon reduction of internal viologen the radical
(MV *)diffused through the membrane. Since no viologen was initially present outside
the vesicles this excludes the poss:bility of the self-exchange type of mechanism (vide
supra). Note that it is not possible to conclude from these experiments alone in what
form the reduced viologen is diffusing, e.g. if it is MV* or MV? that is actually
transversing the membrane. Electron transfer in this system also occurred between
CdS on the outside and MV?* on the inside of the vesicles, but only at high loadings
of CdS on the vesicle and at high light-intensities. It might be suspected that under
those conditions there is some critical perturbation of the vesicle that induces
transmembrane diffusion and/or partial penetration of the membrane by species
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otherwise membrane impermeable/impenetrable. Especially in steady-state illuminated
systems, photostimulated diffusion has proved to be a problem as pointed out by
the authors (Tricot and Manassen 1988). Tricot and coworkers found that the CdS
particles penetrate the membrane to some extent and this must perturb the membrane
locally due to the large size of the CdS particles.

A diffusional model for transmembrane electron transfer with a conjugation of
inward flux of C,, V* and outward flux of C,,.V2* for alkylviologens in lecithin
vesicles has been developed (Tabushi and Kugimiya 1984, 1985), The authors divided
the reaction in steps of entrance of viologen radicals into the membrane and exit to
the opposite water phase. They claimed that, in stopped-flow experiments, a steady-
state was obtained where the viologen fluxes and the rates of reduction by external
dithionite and oxidation by an internal electron accsptor were the same. It has been
shown that the oxidized C,.V?* does not permeate the membrane of a lecithin
vesicle (Zamaraev et al 1988; Hammarstrom et al 1992). Also, the kinetic trace shown
(Tabushi and Kugimiya 1985) for the fastest mediator used, C, .. V2*, exhibits almost
no change in concentration of viologen radical between 20 and 305 (taken as evidence
for steady-state kinetics) which is not consistent with later results (Zamaraev et al
1988) where the observed rate in an identical experiment with C,, V2* was of the
order of one second. According to the figure caption (Tabushi and Kugimiya 1985),
the amount of internal, secondary acceptor was too small to be able to re-oxidize
all viologen since two equivalents are needed (vide infra), which explains the long-time
stability of the viologen radical. Considering the discrepancies with the results of
other groups as indicated above, this model of flux conjugation can be rejected.

Ru(bpy):* -sensitized transmembrane electron transfer mediated by alkylviologen
in phosphatidylcholine vesicles was studied by flash-photolysis (Khannanov et al
1987). The authors found no dependence of the observed rate on the ratio of viologen
to lipid, which is an argument against self-exchange mechanisms since they depend
on the probability of two viologens diffusing to adjacent positions on opposite sides
of the membrane. Note that the increase in viologen/lipid ratio does not necessarily
resul* in more viologen radical produced by each laser flash if there is already an
efficient quenching of the excited Ru(bpy)?*. Thus, it was not shown how the
observed rate varics with the surface concentration of viologen radical. The authors
suggested that diffusion of viologen radical was responsible for transmembrane
electron transfer, and their interpretation of the temperature-dependence supported
this suggestion. However, they unexpectedly found that the observed rate was
independent of the length of the alkyl chains of the viologens, contrary to what was
found in stopped-flow experiments by others (Thompson et al 1987; Zamaraev et al
1988).

A combination of self-exchange and viologen radical diffusion was proposed by
Zamaraev and co-workers in a system where C,, ,,.V?* mediated electron transfer
from dithionite (stopped-ilow) or excited Ru(bpy)i’ (Nash-photolysis) on one side
of fecithin vesicle membranes to F(CN)}~ or C,, V3* on the other (figures 5 and
6, Lymar et al 1991, and references therem) If, in the stopped-flow experiments,
Fe(CN); ™~ was absent ti.¢ observed rate was proportional to the viologen/lipid ratio
and electron tunnelling between viologens on different interfaces of the membrane
was proposed to be rate-determining, If F(CN);~ was present the observed rate
was somewhat slower and independent of the viologen/lipid ratio, in which case it
was proposed that a charge-compensating transmembrane diffusion of viologen
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Figure 8. The system of Zamaracv and Figure 6. The mechunism for viologen-mediated
coworkers. Shown is the configuration where transmembrane  electron trunsfer proposed by
dithionite is used as reductant (SO, reduced Zamaraev and coworkers and by Hurst and
the viologen after the equilibrium SO,0}" < coworkers.

250; ). When excited Ru(bpy)}* is used as a

reductant it is dissolved in the vesicle interior

and Fe(CN),} ™ is in the exterior.

radical was rate limiting. The independence of the rate on the lipid/viologen ratio is
a surprising observation which is not consistent with the proposed mechanism. Any
charge-compensating transmembrane diffusion of ions in the case without Fe(CN);,
would be active in the case with Fe(CN); - and would give the same observed rate
and rate-dependences. A proportional dependence of the observed rate on the
viologen/lipid-ratio was later observed in identizal experiments with C,, .V** and
internal Fe(CN)2~ (Hammarstrom et al 1992,

An important finding was that, with an excess of both external (membranc impermeable)
dithionite and internal Fe(CN)} -, all viologen on the vesicle exterior migrated to
the interior and was trapped there as the membrane impermeable dication (Zamaraev
et al 1988). This was explained by transmembrane diffusion of the viologen radical
and its subsequent reoxidation by internal Fe(CN)? ™. In flash-photolysis, the observed
kinetic trace deviated from a single exponential and could be accounted for by a
model where the created transmembrane electric potential following tunnelling of
one electron slows down the tunnelling of the next (Lymar et al 1991). This model
assumed that the rate of the charge-compensating ionic flow was slower than the
electron tunnelling. The observed rate at large number (> 8) of transferred electrons
per vesicle agreed with the obsetved rate in the stopped-flow experiments. In this
case the rate of electron tunnelling wus supposed to be retarded so that it was equal
to the rate of charge-compensating diffusion of ions. However, the observed rate
constant in stopped-flow experiments varied between | and 6s~' when the viologen/
lipid ratio was varied (Khramov et al 1987), while charge-compensating diffusion
would not be dependent upon that ratio. Note also that second-order kinetics, as is
predicted by our mechanism (vide infra), result in qualitatively the same behaviour,
i.e. the kinetic trace can be divided in parts, each of which can be fitted to one single
exponential with a rate constant that is somewhat different from the others. Unfortu-
nately, no value was given for the observed rate constant when less than eight viologen
radicals were produced per vesicle. In case of second-order kinetics the rate would
be slower when the surface concentration of viologen radical is lower, as observed
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in pulse-radiolysis (vide infra), while the model of Zamaraev and co-workers predicts
that the rates would be the same so long as an equal number of electrons has been
transferred per vesicle. It is very difficult to discriminate between different kinetic
models by the shape of the kinetic traces, cspecially considering the low signal-to-noise
ratio usually obtained in flash-photolysis experiments in vesicular systems,

Transmembrane electron transfer mediated by viologens with alkyl chains of
different lengths has been extensively studied in DHP vesicles (Hurst 1990 and references
therein; Lymar and 1Hurst 1992). The authors proposed basically the same mechanism
as Zamaraev and co-workers (figure 6), based on several experimental indications,
The major experimental support comes from the Kinetics and stoichiometry of the
redistribution of viologen between the outside and the inside of the vesicle upon
reduction by external dithionits. Interesting differences in behaviour between C, | . V2"
with n 2 12 and n < 10 was coserved in several types of experiments, indicating that
there arc at least two binding sites available at the external interfuce of the vesicle
for viologens with n £ 12. For n € 10, al! - ;ologen reduced by dithionite on the outside
migrated to the inside of the ve.cte if there was an excess of C, ,.V** acting as
electron acceptor in the vesicl. interior. When n 2 12 not all external viologen moved
to the interior (Hurst 1990: Lymar and Hurst 1992), The authors explained this by
proposing that some of the viologens with longer chains were bound to the outer
interface of the vesicle in a way that they could not diffuse through the membrane
as radical cations (C, ,.V*). The proposed clectron tunneling pathway should
therefore be blocked due to lack of charge-compensating ion flow. As a consequence,
addition of lipophilic cations, allowing for charge compensation, would increase the
amount of reduced acceptor (internal C, |.V2*) in the vesicle intetior, as was indced
observed. The same effect of lipophilic cations was observed when the external
viologen had extra charged groups attached (Patterson and Hurst 1990), However,
N-methyl-4,4'-bipyridine (MB*) was used as lipophilic cation, and the authors have
later shown that the oxidized form (MB*) does not permeate the membrane of vesicles
composed of DHP (Lymar and Hurst 1992). Reduced N-cetyl-4,4'-bipyridine (C,,B",
figure 3) has been shown to rapidly permeate lecithin vesicles (Hammarstrom et al
1993, vide infra). It seems probable that the dithionite in the system of Hurst and
coworkers was able to partially reduce MB* to MB® which rapidly diffused across
the membrane and reduced viologen in the vesicle interior, in which case it was not
a question of charge-compensation. Note also that the same redistribution
stoichiometry is expected from the mechanism of Zumaraev and others and Hurst
and others and the disproportionation mechanisni proposed by Hammarstrém and
coworkers (vide infra).

3. Results and discussion

We have studied transmembrane electron transfer mediated by cetylmethylviologen
(C,4 - V**)inlecithin vesicles, mainly by pulse radiolysis and stopped-flow techniques
(Hammarstrom et al 1992, 1993). The advantage of these methods is the rapid
reduction of viologen to a great extent compared to photoinduced methods. This
allowed us to study the kinetic dependence on various parameters. In photoinduced
experiments the slow rate and/or small extent of reaction may allow background
processes to be significant and photostimulated diffusion might occur.
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31 Kinetic studies

We have used different arrangements of he system as described in figure 7. In vesicles
of type I the amphiphilic viologen was bound to both interfaces of the vesicles, while
in type Il it was bound only to the outside. In vesicles of type Il and IV, Fe(CN); -
was present in the internal water phase as an acceptor. The kinetic traces from
dithionite-induced reduction in stopped-flow are shown in figure 8. In all types of
vesicles a fast reduction of external viologen by dithionite was observed, which obeyed
pseudo-first order kinctics since dithionite was in excess. In vesicles of type Il (figure
8b) the absorption signal from the viologen radical was quite stablc after that, while
in type I (figure 8a) a slower reduction step was observed. In vesicles of types 11T and
1V, identical kinetic traces were observed (figure 8c) where the initial fast reduction
was followed by a slower reoxidation of viologen by the internal Fe(CN)2~. Figure
8d shows the trace of the absorbance at 420nm where the extinction coeflicients for
C,e.,-V* and Fe(CN)2~ are 2600 and 1000M ™' em ™!, respectively. It can be scen
that the initial, rapidly produced signal from the viologen radical decayed simult-
aneously with bleaching of Fe(CN)] ", and from the amplitudes of the phases it can
be shown that two Fe(CN)g‘ were reduced for each viologen initially reduced on
the outside of the membrane. Even though dithionite was in excess, all viologen was
in oxidized form at the end of the reaction. The stoichiometry and the complete
migration of reduced viologen to the vesicle interior was also confirmed by careful
measurements in a spectrophotometer, and is consistent with the earlier observations
for C, V2" (Lymar et al 1991; vide supra). The kinetics and observed rates for

Type ! Type

Fe(ll)
Type WV Fe{lil
Type Il e

Figure 7, The types of vesicle configurations used by Hammarstrom and coworkers. The
curved lines represent the interfaces of the membrane and the “ball-and-stick"-structures
represent the amphiphilic viologen. The figure shows viologen distributed on both interfaces
(types I and III) or only on the outer (types If and IV). In types III and IV, Fe(CN)}~ is
present in the interior. The buffer used was 50mM phosphate (pH = 8).
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Figure 8.  Kinctic traces from stopped-flow reduction of vesicles. The absorbance at 602 nm
was followed: (a) type 1. (b) 11, (c) IIl and 1V, (d) the absorbance followed at 420 for the
same solution as in 8c. In ¢ and d the residuals from a second-order fit for the part of the
curve between the arrows are shown. Note that in 8a-b solutions were less concentrated
thun an 8¢ -, but the viologen/lipid ratio was higher. (Reprinted with permission from
Hammarstrom er ol 1992, © 1992, Am. Chem, Soc.)

the fast reduction step were the sume for all types of solutions if the concentration
of dithionite was the same. The slower step could in all cases be fitted to a second-order
kinetic model, and the rate was the same for types 11 and 1V (figure 8c, decaying
signal) and also for type I (figure Ba, growing signal) if the viologen/lipid ratio was
the sume. This is the transmembrane clectron transfer step where external viologen
mediates reduction to internal viologen (type 1) or Fe(CN)] ™ (types [11 and 1V). The
identical behaviour of vesicles of types 11T and 1V shows that transmembrane ¢lectron
transfer proceeds in the sume way irrespective of the presence or absence of viologen
on the internal intcrface of the membrane, an observation excluding self-exchange
types of mechanisms,

For vesicles of type 1V the viologen/lipid ratio was varied in stopped-flow experiments
and the observed rate was found to be proportional to this ratio (figure 9). This
shows that the transmembrane electron transfer is second-order in viologen radical
on the outer interface of the vesicle ([C,, ,.V*] ). Such a dependence was eatlier
found in vesicles equivalent to type 1, i.e. with C,, .. V** present on both interfaces
and no Fe(CN)} ", but was interpreted as a first-order dependence on both [C,, V™)
and [C,, V'], (Khramov et al 198)

We also varied the extent of reduction of viologen on the outer interface of vesicles
of type IV by pulse radiolysis (figure 10). The rate was found to be proportional to
the surface concentration of viologen radical produced by the radiation pulse. If the
line fitted to the data is extrapolated to 100% reduction of viologen ( =24 uM) the
observed rate is =5s !, which is in excellent agreement with the rate obtained in
the stopped-flow experiments (100%, reduction by dithionite in excess) for the same
viologen/lipid ratio (1:100). Together this shows that the rate of transmembrane
electron transfer is second-order in [C,, ,.V*],,, and independent of [C,, ,.V?*]

out

out
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Figure 9. The rate (inverse half-life) versus the viologen/lipid ratio for stopped-flow
reduction of vesicles of type 1V (100%, reduction). Each point is an average of 4-8 individual
determinations for the same vesicle preparadon. The standard dev.ation (not shown) was
less than the size of the points. The line is a least-squares fit to the data. (Reprinted with
permission from Hammarstrdm et al 1992, © 1992, Am. Chem. Soc.)

0 : L
9] B 16 24
{CMV*lat time t=0 (uM)
Fignre 10, The rate (inverse half-life} versus the concentration of external viologen radical
immediately after the pulse for pulse radiolytic reduction of vesicles of type 1V (partal
reduction). All data are individual determinations for the same vesicle preparation. The line
is a least-squares fit through the origin.

and [C,, ,-V? "], This exciudes both self exchange types of mechanisms and simple
diffusions of viologen radicals.

32 Mechanism

The mechanism we propose for the transmembrane electron transfer mediated by
viologen is shown schematically in figure 11. The rate-determining step is the dispro-
portionation, (1), of two viologen radicals forming one oxidized C , ,.V** and one
doubly reduccd C,. ,.V° This uncharged viologen diffuses rapidly through the
membrane and is re-oxidized by Fe(CN). ™ in two steps. There is never any detectable
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CMV2+
Fe(lll)

Fe(ll)
Fe(lll)

Fe(ll)

Figure 11. Reduction scheme for the mechanism proposed by Hammarstrom and
coworkers. The scheme depicts the situation in pulse radiolysis where there is no external
reductant after the first 100 us. The viologen used (C,, ,.V?*) is denoted CMV?*. The
individual steps are marked by their rate constants: kd, kt, k: and kit for the disproportionation,
transmembrane diffusion and for the two steps of re-oxidation by Fe(CN)] ", respertively.

amount of C, ,.V? present. The rate of conproportionation, i.e. the reverse of (1),
is slower than the transmembrane diffusion and re-oxidation of C, ¢ ,.V°. This explains
the observed independence on [C,, ,.V?*] .. while second-order dependence on
[Ci6.1-V*],,, is explained by the rate-determining bimolecular disproportionation.
We have found no other mechanism explaining the same rate-dependencies and
stoichiometry. Formation of radical dimers (C,, ,.V*), is a bimolecular reaction
between viologen radicals, but the dimers are larger and more highly charged than
the radical monomers, so there is no reason why transmembrane diffusion of the
former would be faster than that of the latter. Also, diffusion of radical dimers is not
consistent with the stoichiometry in the re-oxidation by Fe(CN); . Note that, since
the external reductants produced in pulse radiolysis (alcohol radicals) recombine
within 100 us, disproporlionation is the only possibility of forming significant amounts
of doubly reduced C ,.

Under the expenmental conditions, it was not possible to directly produce measurable
amounts of C,, .V, hence N-cetyl-4,4'-bipyridine (C,,B*, figure 3) was used as a
model compound for the viologen. The singly reduced form (C,,B%) is structurally
very similar to the doubly reduced C,, ,.V° and both spec:les are uncharged. Thus,
the rates of transmembrane diffusion for the two species is expected to be very similar.
By pulse radiolysis we were able to study transmembrane electron transfer mediated
by C,,B* in vesicles equivalent to type IV (Hammarstrém et al 1993). The observed
rate (15 x 10* s7') was independent of the extent of reduction of C,,B*. The
mechanism for the reaction was simple reduction of C,;B* to C, (B® by the radiation
pulse. The uncharged form diffused through the membrane and was re-oxidized by
Fe(CN)6' in the vesicle interior. Assuming that the rate of transmembrane diffusion
of C,, ,-V®is the same as for C, B°, this observed rate is probably large enough,
as compared to the conproportionation, to explain the negligible influence of the
latter on the overall mechanism (vide infra).
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N-cetyl-nicotinamide (C, (NA™, figure 3) was shown to mediate transmembrane
electron transfer by the same simple mechanism as C,,B”, i.e. by diffusion of the
singly reduced C, ;NA®, but the observed rate was much lower (3 s~ '), probably due
to the relatively high polarity of the amide group (Hammarstrom et al 1993). This
shows the sensitivity of the transmembrane diffusion to differences in structure and
polarity.

3:3 Disproportionation equilibrium

The equilibrium constant of disproportionation can be caiculated according to (3),
since both redox steps are reversible;

logm K‘ = (Eoz - EO‘ /0'060. (3)

In homogeneous media it is rather low. For methylviologen in water the first and
second reduction potentials are reported as — 045V and — 08+ 01V vs NHE,
respectively (Bird and Kuhn 1981) yielding a value of K;=1073-10"%. The low
solubility of the doubly reduced MV? in water is the cause of the large scatter in the
data for the second reduction step. Heterogeneous media, e.g. vesicles, will increase
the solubility of all redox forms of C, .V due to the variety of environments prevalent.
As a consequence, the disproportionation must be much more favourable in such
systems. Attempts to measure the redox potentials of amphiphilic viologens in
membranes have been made by several authors and the potentials reported for C, .V
in lecithin vesicles are —0-38 V and — 0-66 V vs NHE respectively, i.e. AE® = 280 mV
(Lei and Hurst 1991). This yields a value of K, =2 x 10~3, However, the measured
redox potentials for a microheterogencous system must be cotrected for the different
distributions of all redox forms over all phases present, and the different responses at
the tool of measurement (the electrode, redox dye etc.) [rom species in different phases
must be considered. In principle, this situation could be handled if all relevant
distribution constants and relative measurement responses were known. However, in
practice this is not the case, especially since there are a variety of interfacial equilbrium
sites for the different redox forms. If the “true™ AE° ie. the kinetically relevant AE®
in (3) equals — 180mV a rate of transmembrane diffusion of [C,, ,. V°] = 15 x 10%s™!
(vide supra) is sufficient to explain the negligible effects of conproportionation
(Hammarstrom et al 1993),

4. Conclusion

A common feature of the mechanism of transmembrane electron transfer in the
systems we have studied is that the transfer step is the dilfusion of an uncharged
form of the redox mediator. For C,,B* and C,(NA™ there is a simple one-step
reduction preceding the transmembrane step, but for C, . ,.V3* the formation of
C,q.,- VO proceeds througn a rate-determining disproportionation, We have shown
that there is no long-range self-exchange (electron tunnelling) between viologens as
is often supposed. A disproportionation mechanism has been proposed earlier in
water-in-oil microemulsions (Goren and Willner 1983) and we suggest that it might
be general for viologen in microheterogenous media.
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Sunlight-initiated cycloaddition reactions of the benzene ring
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Abstract. Both 1,2-(ortho) and 1.3-{meta) cycloaddition of ethenes to the benzene ring can
be accomplished using sunlight-initiated chemistry. The process is most effective for arenes
which have both electrun-donor and electron-acceptor substituents and occurs both
inter- and iriramolecularly giving an inexpensive and convenient access to complex molecuiar
skeletons fr~m readily available starting materials.

Keywords. Sunlight; photocycloaddition; benzocyclobutene: triquinane.

1. Introduction and brief historical perspective of sunlight-initiated chemistry

There are many examples, dating back several thousand years, of the importance of
sunlight in middle-eastern cultures (Morsi and Abdel-Mottaleb 1991). The study of
photochemistry as a science, however, is widely regarded as having its origins during
the late 19th and early 20th centuries. During this period, numerous reports appeared
describing the sunlight-initiated reactions of organic compounds (Singer 1986;
Carassiti 1988; Roth 1988, Morsi and Abdel-Mottaleb 1991), For example, Sestini
(1866) had published the first paper on the solution photochemistry of santonin and
Fritzsche (1867) had observed the photodimerisation of anthracene but referred to
the product as a *para body"”. Liebermann (1877) and Breuer and Zincke (1878) noted
the bleaching of the yellow crystals of thymoquinone and 2-phenylnaphtho-1,4-
quinone respectively in sunlight, and these photoreactions were later shown to be
the first observed examples of (27 + 27) cycloadditions of ethenes. By 1902 the
cyclobutane nature of the products of the photodimers of ethenes had been established
by Riiber (1902), and cis-trans isomerisation of cinnamic acid in sunlight had been
reported by Perkin (1881) and by Liebermann (1890). The photoreduction of
1,4-quinones and their light-induced reactions with aldehydes attracted much attention
at this time, Such interest in these reactions caused Heinrich Klinger (Klinger and
Slandke 1891), one of the principal investigators of these processes, to refer to them
as Synthesen durch Sonnenlicht.

It was during this period that Ciamician and Silber at the University of Bologna
were carrying out their extensive and thorough investigations into the sunlight-
initiated chemistry of organic compounds (Carassiti 1988). Indeed so great was their
contribution at that time that Ciamician was later described as “the father of

*For correspondence
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photochemistry™ (Turro 1965), and 1900 as the year which “marks the basic date in
the history of pHotochemistry” (Nasini 1929).

Ciamician and Silber were, however, far from being alone in recognising that
sunlight could induce such remarkable changes in the molecular structure of organic
compounds. One of their more notable fellow pioneers of the time was the Italian
chemist Paterno. His major contribution arose from the observation that exposure
of solutions of benzaldehyde and 2-methylbut-2-ene to sunlight produced an oxetane
(Paterno and Chieffi 1909). The importance of this work was not fully appreciated
until much later when Buchi and coworkers greatly extended the scope of the process
(Buchi et al 1954) and this reaction is now fittingly known as the “Paterho-Buchi”
reaction.

The appointment in 1937 of Alexander Schonberg to the Chair of Chemistry and
as Director of the Chemistry Department at the University of Cairo increased interest
in the study of sunlight-initiated processes in Egypt. From this time until his return
to Berlin in 1958, Schonberg, in collaboration with Mustafa, produced a considerable
number of publications describing the outstanding achicvements of the Egyptian
research group (Singer 1986).

Interest in sunlight-initiated processes during the past 35 years has, however, almost
exclusively concentrated on the conversion of solar energy into more versatile energy
sources but, at the same time, photochemistry has been shown to be a viable and
useful synthetic technique (Horspool 1984; Coyle 1986). As noted recently, however,
the photon may be a clean and convenicnt reagent but it can also be expensive to
generate from artificial sources (Hulsdunker et al 1992): hence the growing interest
in “solar chemistry” and a desire for Synthesen durch Sonnenlicht.

2. Results and discussion

With few exceptions, early studies on sunlight-initiated processes of organic
compounds have been concerned with the reactions of ethenes, carbonyl compounds,
and diazo nnd diazonium compounds. In contrast, our interest is in inducing reactions
of the benzene ring using sunlight. These studies originate from our investigations
in the early 1960’s on the photochemistry of ground-state charge-transfer complexes
between dienophiles and benzenoid compounds. The complex between maleic
anhydride and benzene absorbs at longer wavelengths than either of the components
and “tails” well beyond 290nm (Andrews and Keefer 1964). Excitation within this
charge-transfer absorption band results in the formation of the 2:1 cycloadduct ]
{Angus and Bryce-Smith 1959). The process can be sensitised by aromatic ketones
of triplet energy greater than 275kJmol~! (Schenck and Steinmetz 1960) and both
sensitised and unsensitised reactions occur on exposure of the solutions to (Reading)
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Scheme 1. Modes of photocycloaddition of ethenes to the benzene ring.

sunlight (Bryce-Smith et al 19v2). The 2:1 adduct has attracted considerable interest
not only because it was the first photoaddition product of the benzene ring reported
but also because of its potential to yield condensation polymers of high thermal
stability with diamines and because the diimide derivative shows appreciable cytotoxic
activity (Lomax and Narayanan 1984).

However, the process is remarkably limited and despite the ready formation of
derivatives of | from 313nm radiation of solutions of maleic anhydride in alkyl
benzenes (but not alkoxybenzenes), only the parent compound can be obtained using
sunlight initiation: from the other systems maleic anhydride-based polymers are
obtained (Bryce-Smith et al 1962). It has now long been recognised that excitation
within charge-transfer bands is not a prerequisite for photocycloaddition to the
benzene ring, and numerous products derived from 1,2-(ortho), 1,3-(meta), and
1,4-(para) cycloadditions (scheme 1) of ethenes have been reported. The majority of
the arenes in these reactions require 254 nm radiation for excitation and, of course,
their reactions are not initiated by sunlight. Recently, we have recognised that 4
combination of both electron donors and electron acceptors us substitutents on the
benzene ring not only provides functionalisation of the carbon skeletons of the
cycloadducts, but also, and importantly, leads to a red-shift in the arene absorption
beyond 300 nm while maintaining the lowest n, #* excited state. These arenes can be
directly excited using the shorter wavelength components of sunlight and by employing
this simple and inexpensive methodology, functionalised complex carbon skeletons
can be readily and conveniently accessed. The following cycloadditions to the benzene
ring can all be induced by exposure of soluiions of the reactants to sunlight.

2.1 1,2-(Ortho)-photocycloaddition

There is a correlation between the preferred mode of cycloaddition (ortho versus
meta) of an ethene to the benzene ring and the relative electron dor~r -slectron
acceptor characteristics of the addends. This donor-acceptor relationsi . s been
estimated by ionisation potential differences (Bryce-Smith and Gilbert 1977) aud more
rigorously by the magnitude of the free energy change AG? of electron transfer between
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Scheme 2. Cycloaddition of ethyl vinyl ether to 2- and 4.cyanoanisoles.
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Scheme 3. Cycloaddition of acrylonitrile to 4-cyanoanisole.

the addends (Mattay 1985). Thus the ortho cycloaddition is favoured for addend
pairs which have an electron donor—electron acceptor relationship whereas the meta
process predominates or is the sole reaction for systems in which this feature is not
evident. For example, enol ethers undergo cycloaddition at the 1,2-positions of
benzonitrile, whereas cycloalkenes add at the 2,6-positions of toluene. When both
electron donor and acceptor substituents (¢.g. cyano and methoxy groups) are present
on the benzene ring, then arene absorption allows sunlight excitation. Furthermore
when the substituents are in conjugative positions (i.e. 1,2- or 1,4.substitution), the
sites of ortho addition of electron donor and electron acceptor ethenes reflect the
donor/acceptor natures of the arene substituents: this regiochemical feature is
illustrated by the ortho cycloaddition products of acrylonitrile and ethyl vinyl ether
with 2- and 4-cyanoanisoles shown in rchemes 2 and 3 (Al-Jalal et a! 1988). The
formation of azacyclo-octatetraenes by the novel addition of the sthene cyano group
to the benzene ring has been well-documented by Al-Jalal (1990).
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The primary cycloadduct from such 1,2-disubstituted benzenes is thermally labile since
the common sigma bond in the bicyclic skeleton is weakened by the clectron-donor
and electron-acceptor groups. Disrotatory ring opening gives the cyclo-octatriene
which absorbs in the 320 nm region and hence in sunlight undergoes disrotatory ring
closure to yield the bicyclo[4.2.0Jocta-2,7-diene as the sole product, This type of
reaction also occurs intramolecularly with 4-phenoxybut-1-enes substituted with
electron acceptor groups in the 2'- or 4'-positions (Cosstick et al 1987; Wagner and
Nahm 1987). For example, 4-(2'-cyanophenoxy)but-1-ene undergoes an essentially

(R)O::\/\ﬂ e (R)Cfa e (R)l<:>] - (R)EC[}

R f!
R=CN or CO2Me

Scheme 4. Intramolecular cycloaddition of 4-phenoxybut-1-enes.

quantitative conversion to the 4-oxatricyclo[7.2,0.0.*" Jundeca-2, 10-diene in sunlight
(scheme 4). We have demonstrated that the formation of the trienc can be quenched
by common triplet quenchers but that the subsequent closure to the tricyclic system
is not influenced by the presence of 1,3-dienes. The primary process is thus deduced
to be a rare example of cycloaddition to the triplet state of the benzene ring, whercas
the secondary photoreaction arises from the triene singlet state.

When both substituents of the benzene ring are electron donors or electron acceptors,
excitation of the nn* transition of the arene is possible in sunlight. In such cases, if
the ethene is a powerful electron acceptor or electron donor, respectively, substantially
complete electron transfer can occur. For example, irradiation of methano! solutions
of the 1,4-dimethoxybenzene-acrylonitrile system leads to substitution of the
benzene ring by initial formation of the radical ion pair {Ohashi et al 1976, 1977).
We have, however, adapted this system, as shown in scheme 5, to yield the benzocyc-

CN
OMe CN h Me CN  BBry
O AT - —
12 MeQ
MeO MeO

Scheme 8. Photocycloaddition of acrylonlirile to t,4-dimethoxybenzene in non-polar
solvents.

lobutene which has been used as a synthon in alkaloid and steroid synthesis (Kametani
1979, 1981) by the simple expedient of mediating the electron transfer by using a
nonpolar solvent. In this case, the reaction can be run to complete consumption of
the arene, and decanting the reaction solution from the immiscible ethene photodimers
(Al-Jalal and Gilbert 1983) allows an almost quantitative yield of the ortho cycloadduct
to be obtained.

22 1,3«(Meta) photocycloaddition

The formation of meta photocycloadducts resuits in the greatest increase of *“molecuiar
complexity” (as defined by Bertz 1981) of any general reaction. The importance of
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Scheme 6. Regiochemistry of meta cycloaddition of ethenes to substituted benzenes.
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this process in synthetic organic chemistry has been elegantly dcmonstrated by
Wender and co-workers by its use in a number of sequences to complex target
molecules. As Wender notes “the value of the arene-alkene meta photocycloaddition
(to synthetic organic chemistry) can be seen to arise from its capacity to produce a
cycloadduct with three new rings and up to six new stereocentres, an impressive feat
even when compared with the highly regarded Diels~Alder cycloaddition.” (Wender
1990).

The basic feature of the widely accepted mechanism of meta photocycloaddition
involves development of charge in the S, arene on approach of the S, ethene. The
addends orient with respect to each other in order that the stabilisation of the
developing charge centres in the C ring by the substituents is maximised: this accounts
for the observed regiochemistry of the reaction (scheme 6). In 1,3-disubstituted
benzenoid compounds such as 3-cyanoanisole, the charge stabilisation and hence the
directing effects of the electron-withdrawing and electron-donating groups reinforce
one another to give the orientation of the addends shown in 2. Delocalisation of the
developing allylanion system by the cyano group promotes the intramolecular
cyclisation giving the cyclopropane ring to favour formation of the 1-methoxy-4.
cyano- rather than the 1-methoxy-2-cyano-dihydrosemibullvalene. Exposure of the
3-cyanoanisole-cyclo-octene to sunlight yields the two isomers 3 and 4 in the respective
ratio of 1:1'5 initially. This ratio changes with time reflecting the interconversion of
the adducts photochemically and thermally by an ethenylcyclopropane-cyclopeatene
rearrangement. Indeed 3 or 4 may be obtained essentially free from the other isomer
by the respective use of 254 nm radiation and heating at 150°C. The formation of
these meta photocycloadducts comprise the first reported exampie of sunlight-initiated
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meta photocycloaddition of an ethene to the benzene ring, but the process appears
to be general for alkene additions to arenes 1,3-disubstituted with electron-donor
and electron-acceptor groups and is currently being extended to the non-conjugated
bichromophoric systems of type 3.

3. Experimentel

All sunlight-induced reactions were carried out in a double-walled Pyrex apparatus.
Solutions of the reactant(s) in cyclohexane or methanol under air were placed in the
inner vessel and cooled water circulated through the outer jacket by convection.
Product formation was monitored by GC and the photoadducts were isolated and
identified as described previously for the reactions initiated by 254 nm radiation (see,
for example, Al-Qaradawi et al 1992).
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Synthetic chemistry via radicals generated by photoinduced
electron transfer
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Abstract, Radical cations generated by photoinduced electron transfer often undergo
fragmentation fast enough to compete with back electron transfer. In this way, radicals are
generated. Examples of the chemistry of benzyl and alky! radicals under these conditions
are given.

Keywords, Radiculs, electron transfer, photochemistry.

1. Introduction

Oxidations are a well-established method for the generation of radicals for non-chuin
reactions.

R-X—R-X*, (N
R-X* =R +X". 2

High-valency metal compounds or anodic oxidations are used for this purpose (Curran
1991). This method suffers from some shortcomings, e.g. limitation in the choice of
solvent due to the properties of the salt used as oxidizer or as supporting electrolyte,
and competition from other oxidative processes, suc' as two-electron oxidation to
yield a non-radical dication or oxidation of the generated radical to the corresponding
cation,

Photosensitization offers an alternative access to radical cations, and hence to
radicals (Albini et al 1982), due to the strong oxidizing properties of excited states
(Fox and Chanon 1988),

R-X+A*aR-X"+A"" 3

Under these conditions substrates which could not be practically oxidized
otherwise yield the corresponding radical cations and, if fragmentation is fast enough
to compete with back electron transfer to the radical anion, these cleave to the
expected radicals. This process involves only organic species and thus solubility
problems are minimized. Furthermore, since the oxidizer is a short-lived species
generated photochemically, problems of over-oxidation are avoided.

* For correspondence
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An evaluation of the single bond energy of the radical cation (fragmentation
according to (2)) is generally possible (Wayner ez al 1986, 1988; Dinnocenzo et a!
1989; Sulpizio ef al 1989; Popicelartz and Arnold 1990) and often shows a remarkable
weakening of the bond, leading to the expectation that monomolecular or nucleophite-
assisted fragmentation is fast and, indeed, this is borne out by the experiments.

Both resonance-stabilized (allyl, benzyl, a-amino, «-oxy) radicals and non-stabilized
aliphatic radicals can be prepared by this method from the appropriate precursor.

The follow-up reactions include:

(1) reduction of the radical by the acceptor radical anion, usually followed by
protonation,

R+A =R +A, 4)
R-+H*-R-H; (5)

(2) addition of the radical to the radical anion, when E, ,(A)< E, ,(R"),

R+A"—R-A", (6)
R ~ A~ - products; W)
(3) addition of the radical to an added radicophile
R+Z-R-1Z7, (8)
R — Z' — products, (L))

Some examples of these reactions are discussed below.

2. Reaction of resonance-stabilized radicals

A typical reaction pertaining to this class involves benzylic radicals generated by
deprotonation of the corresponding radical cation. Such species are extremely strong
acids (e.g. calculated pK, of the toluene radical cation = — 12, Nicholas and Arnold
1982). However, kinetic facto:< may limit the importance of the process, which depends
on the proton acceptor present. With toluene as the donor and 1,4-dicyanonaphthalene,
DCN, as the acceptor in acetonitrile, proton transfer occurs in the cage, and is
followed by rapid combination of the radicals to yield a tetracyclic derivative as the
main product, (10) (Albini 1982; Sulpizio et al 1989). However, when deprotonation
occurs out of the cage (e.g. when the rection is carried out in methanol, and the
solvent is the proton acceptor), or when the radical is formed by splitting a cation
different from the proton, ¢.g. a carbocation or an organometallic cation, a different
addition leads to benzyldihydronaphthalenes, (11).

- R
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CH,X CN CH,Ph CN
= CH,Ph
Meelive
CN

b
X = H. SiMe; . CRzAl’. COOH

On the contrary, when the acceptor used is less easily reduced, e.g.
1,4-dicyanobenzene, DCB, rather than DCN, the radical is in most cases reduced;
thus Popielartz and Arnold (1990) have shown that cleavage of bibenzyls occurs
through this path

ArCR,CR; Ar ~ %% ArCR H + ArCR;, OMe. (12)

3. Non-stabilized alkyl radicals

Non-stabilized alkyl radicals can be generated via the radical cations by using strong
photochemical oxidizers such as DCB or 1,2,4,5-tetracyanobenzene, TCB, and
substrates such as silanes (Kyushin et al 1990), acetals (Mella et al 1992) and carboxylic
acids (Tsujimoto et al 1992), as in the following example.

R —SiMe, + A* >R —SiMe] + A~ (13)
R - SiMe} =R + Me, Si* (14)

Reductior of such radicals is generally not possible, and the other reactions occur
efficiently.

Typical examples are alkylation of the aromatic uscd as electron acceptor (15),
alkylation of electron-poor alkenes (16), termolecular addition (17), and reduction
{18). The competitior. between the different processes depends on the redox properties
of the species invulved.

NC NC: R
R + —
NC NC CN
(15)
R — R
+ —_—
3 R‘ + .
CN R
R+ — icg NC
CN > NC CN an

R+ R'SH — RH (18)
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4. Conclusions

The examples above show some of the potentialities of this new method for the
generation of radicals. It is expected that much more synthetic chemistry can be
developed following these lines.
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Abatract. Steady-state photolysis of haloanthracenes XA; 9.10-dichloro, 9,10-dibromo,
9-chloro and 9-bromo compounds) in acetonitrile-amine (triethylamine or N,N-dimethyl-
aniline) causes the consecutive reactions; 9,10-dihalo compounds —+9-halo compounds —
anthracene. Although both the lowest excited singlet ['XA(S,)] and triplet [*XA{T, 1] states
uf XA are quenched by amine, the appearance of absorption spectra due to the haloanthracene
radical anions (XA~} within the duration of nanosecond pulse excitation indicates that the
intcrmediates for dehalogenation of XA are XA '~ produced by a diffusion-controlled reaction
of 'XA(S,) with the ground-state amine yielding the singlet exciplexes ['(XA-amine)* ]
which decompose rapidly into XA'~ and the amine radical cations. Moreover, un
aminc-a-sisted formation of *XA(T,) has been attributed to tiie intersystem crossing from
(XA-amine)® to the triplet exciplexes [*(XA-amine)*] followed by decomposition into
3XA(T,) and ground-state amine.

Kevwords. Photochemical dehalogenation of haloanthracenes by amines; amine-assisted
triplet formation of haloanthracenes; haloanthracene radical anions; 9,10-dihalo and 9-halo
anthracenes.

1. Introduction

The photoinduced dehalogr .- itica ~* natic halocompounds by amine is well
known and the generally sup. v - me . is that the radical anions produced
via the exciplexes of singlet halez )mpounc with ground-state amines are the reaction
intermediates which decompose inio the aryl radicals and the halogen anions (Ohashi
et ul 1973; Tsujimoto et al 1975; Bunce et al 1976, 1978; Chittin et af 1978; Davidson
and Goodwin 1981; Fulara and Latowski 1990; Sueva 1990). Upon investigation of
the photochemical debromination of meso-substituted bromoanthracenes (9, 10- dibromo
and 9-bromo compounds) by amine [triethylamine (TEA) or N,N-dimethylaniline
(DMA)] in acetonitrile, we have also concluded that the reaction intermediates are
the bromoanthracene radical anions produced by a diffusion-controlled reaction of
the lowest excited singlet states of bromoanthracenes with the ground-state amines
yielding singlet exciplexes followed by decomposition into bromoanthracene radical
anions and amine radical cations (Hamanoue et al 1984b). Meanwhile, Soloveichik
et al (1989) have found that the photochemical dechlorination of 9,10-dichloro-
anthracene by DMA in acetonitrile is strongly retarded upon addition of azulene (or

* For correspondence
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Figure 1. Dechlorination of DCA and CA upon steady-state photolysis in CH,CN/DMA
{0-04 M) at room temperuture,

ferrocene) and that the increment of triplet decay rate constant with increasing DMA
concentration is not lincar. Based on these results, they have concluded that the
haloanthracene radical anions produced via the exciplexes of singlet haloanthracencs
with ground-state amine do not participate in the dehalogenation but the exciplexes
of triplet haloanthracenes with ground-state amine are the reaction intermediates. In
order to contest this conclusion, the present review deals with our recent results
obtained by steady-state photolysis and nanosecond laser photolysis of haloan-
thracenes (9, 10-dichloro, 9, 10-dibromo, 9-chloro and 9-bromo compounds) by amine
(TEA or DMA) in acetonitrile at room temperature (Nagamura et ol 1991, 1992;
Hamanoue et af 1992, 1993).

2. Photochemical reaction of haloanthracenes and their triplet formation in acetonitrile/
amine

Figure 1 shows the absorption spectral change caused upon steady-stute photolysis
of 9.10-dichloro (DCA) and 9-chloro (CA) compounds in acetonitrile (CH;CN)
containing 004 M DMA at room temperature. Since similar results are also obtained
not only in CH;CN/TEA (0-04 M) but also for 9,10-dibromo (DBA) and 9-bromo
(BA) compounds in CH,CN/amine (0-04 M DMA or TEA), and since the photo-
products from 9,10-dihalo compounds and 9-halo compounds have been identified
to be 9-halo compounds and anthracene, respectively, it can safely be concluded that
the dehalogenation of 9, 10-dihalo compounds by amine proceeds by the consecutive
reactions; 9,10-dihalo compounds —9-halo compounds - anthracene. Although
Soloveichik et al (1989) have reported that the quantum yield for dechlorination of
DCA by DMA decreases remarkably upon addition of azulene or ferrocene, we have
confirmed that addition of these additives (1 x 1074 M) does not affect the decrement
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Figure 2. Decrement in the relative absorbances (D,/Dg) of DCA und CA during steady-
state photolysis at room temperature in CH,CN/DMA (0-04 M) without (- *) and with
1 x 10°*M azulenc (A) [or ferrocenc (W)].

in the relative reactant absorbances (D,/D,) during steady-state photolysis of halo-
anthracenes (XA) in CH,CN/amine (0-04 M); typical examples obtained for chloro
compounds in CH;CN/DMA (0:04 M) are shown in figure 2, where D, and D, are
the absorbances measured at photolysis time of ¢ and 0 min, respectively.

We have found that the intensity of triplet-triplet { T« T,) absorption spectra
due to the lowest excited triplet states [*XA(T,)] of XA decreases with increasing
amine concentration, but a normalization of the T" « T, absorption spectrum in the
presence of amine to those in the absence of amine reveals no change in the spectral
profile. Since all the T' — T, absorption spectra are recorded at a decay time of 70 ns
and a gate time of 20 ns and since the T’ « T, absorptions ure found 1o decay in the
microsecond time regime even in the presence of umine, the intensity decrease of
T'+ T, absorption spectra caused upon addition of amine can be ascribed to the
decrement in the yields of the lowest excited singlet states [*XA(S,)] of XA. Calculating
the intensities of 7'« T, absorption spectra in the absence (/1) and presence (I7) of
amine, the ratios of 13/1; are plotted against amine concentration as shown by open
circles in figures 3 and 4. If *XA(T,) are produced only via the inditect 'XA(S,)~
SXA(T,)— *XA{T,) intersystem crossing through an adjacent higher excited triplet
( T,) state (Hamanoue et al 1983; Tanaka et al 1983), the ratio of /T /17 can be given by

IT/1h =1 + k,t [amine], (h

where 7 is the fluorescence lifetime of 'XA(S) in the ubsence of amine and &, is the
fluorescence quenching rate constant by amine. Hence, the value of k, obtained from
1517 should be equal to that obtained by the Stern-Volmer plot of If/I} against
amine concentration; If and I are the fluorescence intensities in the absence and

presence of amine, respectively. In contrast, as shown in figures 3 and 4, the values
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Figure 3, Plots of /7/I7 against amine concentration obtained for DCA and CA in CH,CN
at room temperuture, The dashed lines correspond to the Stern- Yolmer plots of fluorescence
intensitics against amine concentration, and the full lines are simuluated by (1) using the
values of k, obtained from the fluorescence quenching by emine: k, = 14 x 10!? (by TEA)
and 27 x 10'? (hy DMA) M ~'s"! for DCA. and k, = 11 % 10'° (hy TEA) and 244 x 10'°
{by DMA) M " 's" ! for CA.

of 13/1% (open circles) devinte from the dashed lines obtained from I5/1% giving &,
of the order for that of a diffusion-controlled reaction. The smaller values of 17 /11
than those of If/1% may reflect an additional formation of *XA(T,) by amine.

Probably, the additional formation of *XA(T,) in the presence of aumine may be
interpreted in terms of the intersystem crossing from '(XA-amine)* to the triplet
exciplexes [3(XA-amine)*] followed by decomposition into *XA(T,) and ground-
state amine as shown by scheme 1.

XA" + amine’'
k
wn
L {omine|
vt ——,

TXA(S) '(XA-amineg)®
kl".'
kg 3(XA-amine)*
1’{"‘(7,.) XA + amine  drem———em ’XIT\ (7)) + amira
Scheme 1.

Henee, 1]/1% should be given by:
I3 1 +k,r[amine]
1T 1 +afamine] '
% = IR/ Kyger 5
” = k:’.u'/(k(' + klon + k;.u ) (6)

4)
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Figure 4. Plots of 1! ;1" against amine corventzation obtained for DBA and BA in CH,CN

at room tempernture. The dashed lines correspond to the Stern--Volmer plats of fluorescence
intensities uguinst amine concentration, and the full lines are simuluted by (1) using the
values of k, obtuined from the fluorescence quenching by amine: k, = 20 x 10" (hy TEA)
und 27 x 10'* (by DMA) M " 's ! for DBA, and k, =43 x 10'" {hy TEA] and 52 x 10'°
{by DMA) M 's ! for BA.

By a best-fit of the calculated values {{! + k,t[amine])/(1 + «[amine])} to the experi-
mental values, the change of /1/1} with umine concentration can well be reproduced
as shown by the full curves in figures 3 and 4. Since the fluorescence quantum yicld
(®,) in CH,CN without amine are found to be 0:64 (DCA), 0-02 (CA), 0:09 (DBA)
and (-04 (BA), the rate constants (k,, ) for the 'XA(S,)— *XA(T,) intersystem crossing
are calculated to be 42 x 107 (DCA), 3-0 x 10® (CA), 71 x (0? (DBA) und 6:0 x 10°
{BA) s~ '. Using the best-fit values of «, the values of f are calculated as indicated in
figures 3 and 4, and the greater values of k [amine] in CH,CN amine (1 M), ic.
144 — 27 x 10'°(DCA), 11 = 24 x 10'9(CA), 220~ 2:7 x 10'° (DBA) and 43 — 52 x
10'" (BA) s ', compured with those of k. indicate that '(XA-amine)* are produced
with efficiencies of ~ 10 (DCA, CA), 097 (DBA) and 0-88 — 0:90 (BA), and that almost
all 3XA(T,) are produced via the indirect '(XA-amine)* — (X A-amine)* = 3XA(T,)
process shown in scheme 1.

3. Formation of the haloanthracene radical anions via the singlet exciplexes of ' XA (S))
with ground-state amine

Figure 5 shows the transient absorption spectra obtained by nanosecond laser
photolysis of DCA and CA in CH,CN/amine(! M) at room tempeiature, the spectra
are recorded at a delay time of Ons and a gate time of 50 ns. Similar transients are
also obtained for DBA and BA. In the absence of amine, however, only the 7"« T,
absorptions (bands C and D) of *XA(T,) cun be seen. We have assigned bands F,
G and H to absorptions of the haloanthracene radical anions (XA’ ~) based on the
following facts: (1) The spectra with bands F — H are identical with those of XA™~
which are produced by pulse radiolysis of XA at room temperature in CH,CN
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Figure 8. Transient ubsorption spectra obtained by nunosceond laser photolysis of DCA
and CA in CH,CN/amine (1 M) at room temperuture.

without amine (Hamanoue ¢r al 1984u) or y-radiolysis of XA at 77K in 2-methyltetra-
hydrofuran without amine. (2) Band E ohscrved in the presence of DMA is very
similar to that of the published absorption spectrum due to DMA™ (Hamil 1968
Shidu 1988; Iwamura and Eaton 1991); no clear observation of the absorption band
duc to TEA"* may be uscribed to its weak absorption (Shida 1988),

We propose that XA ™ are produced by a diffusion-controlled reaction of 'XA(S,)
with ground-state amine yielding (X A-amine)* followed by decomposition into XA~
and the amine radical cations (amine *): Because, (1) >XA(T,) in CH,CN decay
following a single-exponential function irrespective of absence and presence of amine,
and the decay rate constants thus obtained increase linearly with increasing amine
concentration; (2) the quenching rate constants (k, > 10* - 10°M ~'s ) of *XA(T))
by amine, however, are much smaller than those (k, = 10'°M~'s"!) obtained for
the quenching of 'XA(S,) by amine, indicating lhal the spectra observcd at 0-ns
deluy (shown in figure 5) cannot be attributed to XA'~ produced by a reaction of
SXA(T,) with amine.

The absorptions of XA"~ in CH;CN/amine(l M) decay with time following a single-
exponential function and the decay rate constants (k,,. . ) obtained are of the order
of 104 - 10%s™!; typical decay curves obtained for DCA and CA in CH,CN/DMA
(1 M) are shown in figure 6. If 3(XA-amine)* produced by a reaction of IXA(T))
with ground-state amine as proposed by Soloveichik et al (1989) give rise to the
formation of XA'~, the values of k,,._ shown in figure 6 indicate that one cannot
confirm the formation of XA'~ in CH,CN/DMA (1 M) owing to the larger values
of ky,._ =3:5x 10°(DCA) —9-5 x 10°(CA)s ' compared with those of k,[DMA] =
50 x 10‘ (DCA) - 22 x 10* (CA) s~ '. In CH,CN/TEA (1 M), however, the ris¢ and
decay of absorptions due to XA~ should be detectable in the microsecond time regime,
because k,,._ = 28 x 104 (DCA)~ 97 x 10* (CA) s~ ! are smaller than k' J[TEA] =
18 x IO’(DCA) —2:3 x 10%(CA)s " ', In contrast, no such evidence has been obtained.
Even il the dehalogenation does occur in 3(XA-amine)* produced by a reaction of
*XA(T,) with ground-state amine and no XA'~ are produced, the following results
cannot support the triplet exciplex mechanism: (1) The decay rate constants of
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3XA(T,) in CHy,CN/amine increase linearly with increasing amine concentration,
showing no existence of such an cquilibrium between 3XA(T,)+ amine and
}(XA-amine)* as proposed by Soloveichik et al (1989); during decrement of the T" — T,
ubsorption spectra of *XA(T,) with time in CH;CN/amine (0-04 M), moreover, no
change in the spectral profile can be seen. (2) Addition of azulene or ferrocene in
CH,CN accelerates the decay of *XA( T, ) with quenching rate constants of the order
of 10° ~10°M~1's"!, while figure 2 reveals no effects of these udditives on the
decrement of reactant absorptions during steady-state photolysis in CH,CN/DMA
(0-04 M); similar results are also obtained in CH,CN/TEA (0:04 M). (3) The quantum
yields (®y) for the dechlorination of DCA yielding CA in CH,CN/amine (008 M)
are found to be greater than those in CH,CN/amine (0-04 M), while the quantum
yields (®y) for the formation of *XA( T,) decrease with increasing amine concentration;
in the presence of 0:08 M DMA, morcover, ®, = 0117 is greater than ®, = 0073,

4. Conclusion

All the results obtuined so far are consistent with those reported in our previous
paper (Hamanoue et al 1984b). Thus, again we conclude that the intermediates for
the photochemical dehalogenation of haloanthracenes (XA) are really their radical
anions (XA' ") produced by a diffusion-controlled reaction of 'XA(S,) with ground-
state amine yielding the singlet exciplexes ['(XA-amine)* ] followed by decomposition
into XA'~ and amine’* (cf. scheme 1).

The absorption spectra with bands D F shown in figure $§ might be ascribed to
the absorptions of '(XA-amine)*. Although no exciplex emissions can be seen in
CH,CN/TEA, an exciplex emission with 4_ % 550nm can be seen for DBA in
cyclohexane (CH)/TEA (2 M) and picosecond laser photolysis of DBA in CH/TEA
(1 M) gives rise to the appearance of not only an absorption band due to'DBA (§,),
ic. a singlet-singlet (S’ ~ S, ) absorption band with 4_, % 620 nm, but also an exciplex
absorption band due to '(DBA-TEA)* with A_, = 680 nm (Nakayama et al 1993).
Since the §’ « §, absorption decays following a bi-exponential function with lifetimes
of ay = 75 ps and o, = 260 ps, and since the exciplex absorption increases at first with
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a rise time of «, = 75 ps and then decreases with a lifetime of «, = 260 ps, one can
conclude that '(DBA-TEA)* is really produced in CH/TEA (1 M). On the other
hand, no exciplex absorption can be seen for DBA in CH,CN/TEA (1 M) and the
§'+ S, absorption decays following a single exponential function with a lifetime of
50 ps which is equal to the fluorescence quenching time by 1 M TEA. For DBA in
CH/TEA (1 M), moreover, nanosecond laser photolysis reveals no formation of
DBA '~ and steady-state photolysis reveals that the rate of debromination is extremely
slow compared with that in CH,;CN/TEA. Hence, we have concluded that the spectra
with bands D-F shown in figure § are really a result of the absorptions of }.,\'~ and
that }(DBA-TEA)* produced in CH/TEA decomposes very slightly into DBA'~ and
TEA'™, ie. the formation of haloanthracene radical anions is essential for the
photochemical dehalogenation of haloanthracenes by amine.
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Preparation of some organic precursors via photolytic demetallation
of their iron complexes
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Department of Chemistry, University of Winnipeg, Winnipeg, Manitoba, R3B 2E9. Canada

Abstract. Nucleophilic aromatic substitution (SyAr) of chloroarenes complexed 1o the
cyclopentadienyl iron moiety with ethyl cyanoacetate or phenylsulfonylacetonitrile in the
presence of potassium carbonate in DMF resulted in the formation of arylated ethyl
cyanoacetate or phenylsulfonylacetonitrile complexes. Photolytic demetallation of these
complexes led to the liberation of the substituted arene ligands in high yield. This synthetic
route is more advantageous than those previously reported and is a practical way to synthesise
heterocycles and alkanoic acid precursors.

Keywords. 5,Ar; photolysis; ethyl arylcyanoacetate; aryl phenylsul{onylacetonitrile.

1. Introduction

There has been considerable interest in the development of new and efficient routes
to the synthesis of arylated ethyl cyanoacetates and phenylsulfonylacetonitriles (Shen
1972; Suzuki et al 1987, Sakamoto et al 1990). These materials are known to be versatile
intermediates in the synthesis of heterocyclic compounds (e.g. azetinones, pyrimidines,
and oxazaphosphorinane derivatives) and alkanoic acids, which are used for medicinal
purposes (Matsui and Motoi 1973; Giordano et al 1984; Shih and Wang 1984). One
of the well-recognized alkanoic acids is 2-(4-isobutylphenyl)propanoic acid, known
as Ibuprofen. This acid is an anti-inflammatory analgesic, finding use in the treatment
of patients with rheumatoid arthritis and in relieving general muscle pain and stiffness
(Adams et al 1969; Chalmers 1969; Shen 1979). The synthesis of ethyl arylcyanoacetates
and arylated phenylsulfonylacetonitriles cannot be achieved directly through nucleophilic
substitution reactions of ethyl cyanoacetate or phenylsulfonylacetonitrile anions with
arylhalides. The routes to these compounds involve the use of certain organometallic
reagents or catalysts to promote nucleophilic substitution on the aromatic ring (Kaiser
et al 1971; Osuka et al 1983; Uno et al 1985; Sakamoto et al 1988; Kozyrod et al
1991). In these synthetic routes, the most problematic step is the nucleophilic aromatic
substitution.

Activation of normally unreactive chloroarenes towards nucleophilic aromatic
substitution reactions (SyAr) by complexation to a metal moiety such as chromium
tricarbonyl, manganese tricarbonyl or cyclopentadienyliron (CpFe) have been

* For correspondeice
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reported (Semmethack 1976; Pearson et al 1986; Kerber 1991). Nesmeyanov et al
(1967) were the first to establish the efficient displacement of the chlorine atom in
n®-chlorobenzene-n*-cyclopentadienyliron complex cations by some oxygen, sulfur
and nitrogen nucleophiles. We have been very active in utilizing this methodology
in the synthesis of various functionalized aromatic compounds (Abd-El-Aziz et al
1988, 1993; Abd-El-Aziz and de Denus 1992, 1993).

Nesmeyanov et al (1970) examined the effect of irradiation of arene complexes.
They found that the photolytic degradation of these complexes in acetonitrile solution
resulted in liberation of the arene ligands with ferrocene and iron(Il) salt. This
photolytic degradation was proven to be greatly dependent on the nature of the
solvent, with o-donor ligands resulting in the greatest yields. Gill and Mann (1980,
1981, 1983) have also given detailed descriptions of the photoinduced replacement
of the arene by one 6-electron or three 2-electron ligands.

In this article, we describe our approach to the arylation of ethyl cyanoacetate and
phenylsulfonylacetonitrile via SyAr followed by photolytic demetallation.

2. Results and discussion

n®-Chloroarene-n®-cyclopentadienyliron hexafluorophosphates (1a-d} were prepared
via ligand exchange reactions involving ferrocene and chlorobenzene, o-, m- or p-
dichlorobenzene according to the method reported by Khand et a' (1968). Reactions
of the product complexes (1a-d) with phenylsulfonylacetonitrile or ethyl cyanoacetate
in the presence of potassium carbonate in N,N-dimethylformamide, led to the
formation of complexed arylated cthyl cyanoacetates (2a-d) und phenylsulfonyl-
acetonitriles (3a—-d) as shown in scheme |, These complexes were isolated as yellow
solids or yellow-brown oils in very good yields (71-94%,). Ortho substituents on the
complexed aromatic ring did not cause any sterically induced inhibition of the
reaction. 'H and !3C NMR and IR were used to characterize the prepared complexes
(2a-d, 3a-d). In the 'H NMR spectra of these complexes, a very distinctive singlet
appeared around 5:31-547 ppm which is characteristic of the cyclopentadienyl (Cp)
ring. For complexes (3a-d), in many cases the methine proton appeared at 6-7 ppm
overlapping with the arene protons. The assignment of some of these methine protons
was based on the integration of the peaks in the region between 6-7 ppm relative to
other proton peaks in the spectra. The ' 3C NMR was also in agreement with expecta-
tions, as is outlined in § 3.

! !
R R: /CN R /CN
| _NCCH,R! CH el CH
K,CO,, DMF Ngi Ngs
CpFé PF, CpFe PF;
(1)a; R'=H
b R' = 0-Cl (28-d) R* = COOEL (4s-d) R* « COOFEL
§ R'em-Cl (3s8-9) R = SO,Ph (§a-d) R* = SO,Ph
g: Rt = p-Cl

Scheme 1.




et s ne b e e e

Preparation of some organic precursors 577

Liberation of the arylated cthyl cyanoacetates and phenylsulfonylacetonitriles from
their iron complexes is one of the most important steps in this synthetic strategy.
Since photolysls is known to be an efficient method for the decomplexation of some
(arene)cyclopentadienyliron complexes, we successfully applied this technique to
liberate the free organic ligands. The complexes were dissolved in a mixture of
acetonitrile/dichloromethane and irradiated under a nitrogen atmosphere for 2h,
using a Xenon lamp as the source of radiation. Purification of the products by column
chromatography resulted in isolation of the free aromatic ligands (4a-d, 5a-d) in
yields ranging from 70-847%;,

The identities of all photolysed products were confirmed by 'H and '3C NMR,
IR, and MS. The major differences in the 'H and '3C NMR of these compounds
from the complexes are the absence of the cyclopentadienyl peak, the shift of the
arene peaks downfield, and a shift of the methine peak to a higher ficld. Compounds
(4a-d) are some of the heterocyclic precursors, and compounds (Sa-d) are the desired
precursors for some alkanoic acid synthesis. Our synthetic methodology is extremely
versatile and efficient in the preparation of such precursors.

In conclusion, we would like to point out that photolysis is an important and
efficient step in the synthetic strategy and the Sy Ar route to the synthesis of arylated
ethyl cyanoacetates and phenylsulfonylacetonitriles is very useful owing to its ease
and the use of mild reagents.

3. Experimental

Ethyl cyanoacetate, phenyisulfonylacetonitrile, potassium carbonate and N,N-
dimethyllormamide (DMF) are commercially available and were used without further
purification,

'H and '*C NMR were recorded on a Gemini 200 NMR spectrometer, with
chemical shifts calculated from the solvent signals, MS spectra were recorded on &
HP 5970 Series Mass Selective Detector in m/z units. IR spectra were recorded using
a Perkin-Elmer 781 spectrophotometer.

3.1 Nucleophilic substitution reactions

(a) Reactions with ethyl cyanoacetate: A mixture of 1 mmol of starting cation (1a-d),
2:5 mmol potassium carbonate, and 1:05 mmol of ethyl cyanoacetate in 10ml of DMF
was stirred at 50-60°C, under a nitrogen atmosphere for 3h. The resulting dark red
reaction mixture was filtered into 10ml of 10% hydrochloric acid. A concentrated
aqueous solution of ammonium hexafluorophosphate was added to the reaction
mixture, and the product extracted with dichloromethane (3 x 50ml). The combined
extract was washed with water (4 x 40ml), dried over magnesium sulphate, and the
solvent was evaporated off under reduced pressure at 25°C. The residual yellow-brown
oil was washed with diethyl ether (3 x 20ml). Thus the following compounds were
prepared.

(b} (n*-Cyclopentadienyl) [n®-ethyl 2-phenyl cyanoacetate)-iron(I1) hexafluoropho-
sphate(2a): (0362 g, 80%) v, (cm~ ') (neat) 2260 (CN), 1755 (CO); 6,,(CD,COCD;)
124 (3H, 1, J = 71, CH;), 424 (2H, q, J = 67, CH;), 531 (8H, s, Cp), (572 (1H, s,
CH), 6:63 (SH, br, s, ArH); 6.(CD,COCD,) 13-86 (CH,), 43-11 (CH), 64-55 (CH,),
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7883 (5C, Cp), 86:98, 89:09, 89-19, 89:37, 90:21 (5C, ArC), 9693 (quaternary ArC),
115:33 (CN), 16370 (CO).

(c) (n*-Cyclopentadienyl) [n®-ethyl-(o-chlorophenyl) cyanoacetate]-iron(11) hexaflu-
orophosphate (2b): (0:346g, 71%) v, (m™') (neat) 2305 (CN), 1755 (CO)
duy(CD,COCD,) 125 (3H, 1, J =72, CH,), 430 (2H, g, J = 6:8, CH,), 547 (SH, 5,
Cp), 626 (1H, s, CH), 671 (1H, t, } = 61, ArH), 6:85 (2H, m, ArH), 7705 (1H,d. J = 7'3,
ArH); 8£(CD,COCD,) 13-76 (CH,), 41-56 (CH), 6467 (CH, 8087 (5C, Cp), %712,
88:53.89:71,89:90(4C, ArC), 95:30, 108:56 (quaternary ArC), 114:-85 (CN), 162:48 (L L).
(d) (n*-Cyclopentadienyl) [n®-ethyl-(m-chlorophenyl) cyanoacetate]-iron(11} hexaflu-
orophosphate (2¢c). (0365, 74%) vm“(cm") {neat) 2200 (CN), 1/60 (CO); 3,,(CD,
COCD,) 126 (3H, 1. J =7-1, CH,) 431 (2H, g, J = 7'1, CH;), 546 (SH, 5, Cp). 5:83
(1H, s, CH), 665 7:05 (4H, t, J = 61, ArH), 6.(CD,COCD;,) 13:02 (CH,), 41-74 (CH),
6393 (CH,), 80-28 (5C, Cp), 8641, 8798, 88-96, 89-82 (4C, ArC), 96:04, 10708
(quaternary ArC), 115-26 (CN), 162:45 (CO).

(€) (n°-Cuclopentadienyl) [n®-ethyl-(p-chlorophenyl) cyanoacetate]-iron(I' hexaflu-
orophosphate (2d);  (0:396 g, 81%) v, (cm~ ') (neat) 2310 (CN), 1760 (CO), 6,(CD,
COCD,) 1125 (3H, ¢, J = 70, CH,), 425 (2H, ¢. J = T'1, CH,), 542 (5H, 5, Cp), 572
(1H, 5. CH). 674 (2H, d, J = 5:1, ArH), 697 (2H, d, J = 65, ArH), 6.(CD,COCD,)
13:07 (CH,), 41:67 (CH), 63-91 (CH,), 80-41 (5C, Cp), 86'11, 88:52, 8855, 8§8-64 (4C,
ArC). 95-34. 107:48, (quaternary ArC), 115:30 (CN), 162:54 (CO).

1.2 Reactions with phenylsulfonylacetonitrile

A mixturc of 1 mmol of starting cation (1a-d), 2-5mmol of potassium carbonate,
1:05 mmol phenylsulfonylacetonitrile, and 10ml of DMF wus stirred at room tem-
perature under a nitrogen atmosphere for = 7h. The resulting red reaction mixture
was rapidly filiered into 109 hydrochloric acid (10 ml). The reaction flask was then
washed with ethanol and the washing added to the filtrate. The ethanol was removed
under reduced pressure at 25°C using a rotary evaporator (Buchi RE-111). A con-
centrated aqueous solution of ammonium hexafluorophosphate was added to the
reaction mixture. The solution was then stirred for 10min and the resulting yellow
product was collected by filtration. Thus the following were preparel.

(@) (7°-Cyclopentadienyl) [n®-phenyl phenylsulphonylacetonitrile]-iron{1) hexaflu-
orophosphate (3a): (0-414g, 79%) v, (cm™') (neat) 2320 (CN), 1335, 1165 (SO)
d(CD,;COCD,) 532 (5H, s, Cp), 646-6:70 (6H, m, complexed ArH and CH)
771-1-80 (2H, m. SO, PhH), 7:85-7-99 (3H, m, SO, PhH); .(CD,COCD,) 61-96
(CH), 79-41 (5C, Cp), 87-68, 8978, 89-82, 90-31, 9147 (5C, ArC), 92:20 (quaternary
ArC), 11313 (CN), 130:81 (2C, SO, PhC), 13091 (2C, SO, PhC), 137-29 (quaternary
SO, PhC).

(b) (n*-Cyclopentadienvl) [n®-(o-chlorophenyl)-phenylsulphonyl-acetonitrile]-iron(il)
hexafluorophosphate (3bY%  (0:527g, 94%) v,,,, (cm~!) (neat) 2300 (CN), 1338, 1163
{SO). 64(CD,COCD,) 546 (5H, s, Cp), 6:71-7-08 (SH, s, complexed ArH and CH),
7-76-7-83 (2H, m, SO, PhH), 7/93-802 (3H, m, SO,PhH). §.(CD,COCD;) 60-25
(CH), 81-86 (5C, Cp), 89-40 (quaternary ArC), 8810, 89-61, 9096, 91-09 (4C, ArC),
109-50 (quaternary ArC), 113-41 (CN), 13093 (2C, SO, PhC), 131-23 (2C, SO, PhC),
135-41 (quaternary SO, PhC), and 137-63 (SO, PhC).

(c) (n*-Cyclopentadienyl) [n°-(m-chlorophenyl)-phenyisulphonyl-acetonitriled-iron(11)
hexafluorophosphate (3¢): (0451g, 81%) v__ (cm~!) (ncat) 2280 (CN), 1345, 1162
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(SO): 8,{(CD,COCD,) 547 (5H, 5, Cp), 6-40 - 706 (SH, m, complexed ArH and CH),
775-7-85 (217, m, SO,PhH), 790-8-05 (3H, m, SO, PhH); 5.(CD,COCD;,) 61-38
(CH). 81-77 (57, Cp), 86-57, 87-24, 89-61, 90-85 (4C, ArC), 92:95 (quaternary ArC),
10844 (quaternary ArC), 11271 (CN), 13093 (4C, SO, PhC), 13517 (quaternary
SO, PhC), 13740 (SO, PhC).

(d) (n®-Cyclopentactienyl) [n®-(p-chlorophenyl)-phenylsulphonyl-acetonitrile]-iron(11)
hexafluorophosphate (3d): (0428g, 77%) vm"(cm") (neat) 2305 (CN), (1348, 1142
(SO); 64(CD,COCD,) 5-44 (5H.’s, Cp), 6:55-6:77 (3H, m, complexed ArH and CH).
702 (2H, d, J = 62, complexed ArH}, 772-7-81 (2H, m, SO, PhH), 7-89-7-98 (3H, m,
SO, PhH), 6.(CD;COCD,) 6112 (CH), 81-73 (5C, Cp}., 8740, 90-04, 90:07, 9115 (4C,
ArC), 91:51 (quaternary ArC), 109-09 (quaternary ArC}, 11293 (CM), 130-80 (2C,
$0,PhC), 13091 (2C, SO, PhC), 13470 (quaternary SO, *hC), and 137-32 (SO, PLC;.

4. Photolysis

10 mmol of complexes 2a-d. 3a-d were dissolved in a mixture of CH,Cl,;/CH,CN
(30" 10ml) in a pyrex tube. The solution was deoxygenated by bubbling nitrogen
through it and the reaction tube was fitted into a photochemical apparatus equipped
with a xenon lamp (lower limit = 290nm), and irradiated at room temperature for
2h. The solvent was concentrated to a volume of 1-2ml using rotary cvaporation,
and introduced into a column of silica gel, prepared in hexane. The residue was

washed with hexane, and the product eluted with chloroform by passage through a ¢

short column. Removal of the solvent from the eluate gave the expected liberated
areng, with the following yields and spectral data.

(a) Ethyl 2-phenyl cyanoacetate (4a):  Yellowish crystals (0-151 g, 80%). v {em™')
(neat) 2220 (CN), 1750(CO): 8, (CDCl,: 1-26 BH. t,J = 7-1,CH,), 423 2H. ¢, J = 7°2.
CH,), 470 (1H, s, CH), 7-38-7-46 (SH, br s, ArH). 3.(CDCl,). 13-87 (CH,;), 4376
(CH), 63:29 (CH;), 115:60 (CN), 123:05 (quaternary ArC), 127-89, 129-20, 129-32 (SC.,
ArC) and 164-:50 (CO). m/jz 189 (M *, 3%, 145 (5), 117 (100). 89 (24).

(b) Ethyl{o-chlorophenyl) cyanoacetate(4b):  (0-183 g,82%,), yellowish oil. v__ {cm ™ ')
(:.2at) 2220 (CN), 1750 (CO); 64 (CDCl): 126 3H, .7 = 7-1,CH,). 423 (2H, 4. J = 7-2,
CH,), 470 (1H, s, CH), 7-38-7-46 (SH, hr. 5. ArH). S.(CDCl,): 1387 (CH,), 4376
(CH), 63-29 (CH,), 115:60 (CN), 123-05 (quaternary ArC), 127-89, 129-:20, 129-32 (5C,
ArC), and 164-50 (CO). m/z 225 [(*Cl), 2], 223 [(*>CD). 51, 151 (100), 116 (20).

(¢} Ethyl-{m-chlorophenyl)cyanoa.ctate(4c). (187 g, 84%,), yellowish oil. v, (cm~ Y
(neat) 2260 (CN), 1755 (CO); 8,,(CDCl,): 1-27(3H, t,J = T0,CH,),425(2H. q. J = T-1,
CH,), 467 (1H, 5, CH), 7-35 (4H, br 5, ArH). §.(CDCl,): 13-82 (CH,), 4320 (CH),
63:56 (CH,), 11523 (CN), 126-08, 128-09, 129-48, 130-51 (4C, ArC), 13159, 13515
(quaternary ArC) and 164-34 (CO). m/z 225 [(*7CI). 4], 223 [(**Ch, 117, 151 (100),
116 (32).

(d) Ethyl-{p-chlorophenyl) cyanoacetate (4d):  (0-176 g, 79%,). yellowishoil.v_, (cm ')
{neat) 2300 (CN), 1750(CO); 6,,(CDCl,). 1:26 (3H, 1, J = 71, CH,). 423 (2H. ¢. J = 71,
CH,), 468 (1H, s, CH), 7-39 (4H, br s, ArH). 3.(CDCl;): 13-82 (CH;), 4305 (CH),
63-49 (CH,), 115:22 (CN), 128-37 (quaternary ArC), 129-25, 12949 (4C, ArC), 13540
(quaternary ArC)and 164-52(CO). m/z 225 [(37C), 31, 223 [(*3Cl), 10], 151(97), 116(15).
(¢) Phenyl phenylsulphonylacetonitrile (Sa).  Yellowish solid (0-206 g, 80%). v, (cm 1)
(neat) 2310 (CN), 1370, 1160 (SO). 6,(CDCl, ) 5-15 (1H, s, CH), and 7-25-7-74 {10H,
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m. 2 Ph). §.(CDCl,): 6300 (CH), 113-37 (CN), 125:34 (quaternary ArC), 12§98 (2C,
SO, PhC), 12914 (2C, SO,PhC), 129-68 (2C, ArC), 13001 (2C, ArC), 13045 (1C,
ArC), 13429 (quaternary SO, PhC), and 13519 (SO, PhC). m/z 257 (M ™, 15%), 141
(16), 116 (100), 77 (26).

(f) (o-Chlorophenyl)phenylsulphonylacetonitrile (5b): White solid (0-215g, 74%).
¥ (€M 1) (neat) 2305 (CN), 1340, 1165 (SO). 5y (CDCl, ): 581 (1H, 5, CH), 7-34~763
(4H. m, ArH), 7-74- 785 (2H, m, SO, PhH), 7-84-7-89 (3H, m, SO, PhH). é.(CDCl,):
58:94 (CH), 113:26 (CN), 124:08 (quaternary ArC), 127-70 (ArC), 129-50 (2C, SO, PhC),
13000 (2C, SO, PhC), 13019, 131-26, and 132:04 (3C, ArC), 13530 (quaternary
SO, PhC), 13545 (SO, PhC), 13560 (quaternary ArC). m/z 293 [(*"Cl), 83, 291 [(*3CI),
201, 150 (100), 77 (74).

tg) (m-Chlorophenyl)phenvisulphonylacetonitrile (5c): Yellowish oil (0-204g, 70%).
v dem ™) (neat) 2305 (CN) and 1340, 1162 (SO). d4(CDCly): 512 (1H. 5, CH) and
7-18- 746 (4H, m. ArH), 7:52 -7-62 (2H, m, SO, PhH), 7-72-7-80 (3H, m, SO, PhH).
J-(CDCly); 6216 (CH), 11290 (CN), 12709 (quaternary ArC), 12782 (ArC), 129-22
(2C, SQ, PhC), 12962 (ArC), 129:87 (2C, SO, PhC), 13014, 130-60 (2C, ArC), 13399
{quaternary SC,PhC), 134:84 (quaternary ArC), and 13540 (SO,PhC). m/z 293
[(P7C0. 4], 291[(*3Cl). 14], 141 (91), 77 (100).

(k) (p-Chlorophenyl) phenylsulphenylacetonitrile (3d):  Yellowish oil (0218 g, 75%).
Ve (cm ~ 11 (ncat) 2305 (CiN) and 1338, 1160 (SO). 6,(CDCl,): 512 (1H, 5, CH), and
721 (2H. d. J = &4, ArH), 734 (2H, d, J = 84, ArH), 7-51--765 (2H, m, SO, PhH).
7-75- 7-81 (3H, m, SO, PhH), 6(CDCl, ). 60-08 (CH), 113-07 (CN), 123-82 (quaternary
ArQC), 12925 (4C, SO, PhC), 12991, 13094 (4C, A1C), 154-13 (quaternary SO, PhC),
135-3° 30, PhC). and 13690 (quaternary ArC). m/z 293 [(*"Cl), 3], 291 [(3*Cl), 7],
150 (1wy), 141 (11), 77 (28).
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Light induced cycloadditions of captodative alkenes
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Abstract,  Triplet excited 1-acylnuphthalenes add captodative alkenes, especially 2-amino.
ucrylonitriles, in & formal [4 + 2] mode to form 1,4-dihydro-1.4-cthunonaphthalencs. This
reaction is in some cases preceded by an independent and ultimately less efficient
photoreversible 1,2-addition yielding cyclobutanaphthalene derivatives, There 15 no
indication of a common intermediate partitioning into both types of products. Both additions
occur with remarkable regio- and stercoselectivity. The chirally lubelled alkene S or
R-2:{2.methoxymethyl-l-pyrrolidinyhacrylonitrile is added in the [4 + 2] mode with over
99", dinstercoselectivity leading to practically enantiomerically pure 1.4-ndducts. Sensilized
vyclodimerizations of 2-morpholinoucrylonitrile are also discussed briefly.

Keywords, Photocycloadditions; triplet excited state; [, d-dihvdre- ! docthunonaphthaienes,
tetrahiydrocyclobutal u nuphthalenes; asymmetric induction.

1. Introduction

Photocyclosdditions of alkenes to aromatic nuclei continue to be of considerable
interest (McCullough 1987). In recent years, numerous novel [4 + 2] cycloadditions
of so called captodative (Viehe et al 1985) alkenes to carbon atoms | and 4 of
1-acylnaphthalenes have been observed (Dopp et al 1985, 1989; Dépp and Memarian
1986, 1990; Memarian 1986; Pies 1989; Mihlbacher 1991). Most recently, novel
1.8-photoadditions of alkenes in a formal [3 + 2] mode 10 naphthalene 1,4-dicar-
boxylates and 1,4-dicarbonitriles have been reported (Kubo et al 1992),

The 1,4-additions to acylnaphthalenes observed by us are of marked regio-,
stereo- and diastereoselectivities and are occasionally preceded and/or accompanied
by 1,2-additions. Our findings, including hitherto unpublished work, will be sum-
marized and interpreted in the following sections.

2. Results

21 1.4-Ethanonaphthalenes and tetrahydroc velo-buta{alnaphthalenes from I-naphthyl
carbonyl compounds

Triplet-excited 1-acetonuphthone (1b) as well as photoexcited 1-naphthaldehyde
(1a) and l-naphthophenone (ic) form 1,4-photoadducts of type 4 with various

*For correspondence
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2-aminoacrylonitriles (2) in a highly regio- and stereoselctive manner (Dépp et al
1985; Pies 1989; Dpp and Memarian 1990; Miihlbacher 1991). Without exception,
only the benzenoid ring bearing the acyl group is affected. Most investigations have
been carried out using l-acetonaphthone (ib) as substrate. Rate constants for
quenching of triplet-1b by various type 2 alkenes range from 3 x 10® to 3 x 10°
M~ !s™! in methanol or acetonitrile and are thus smaller than the diffusion controlled
limit (D&pp et al 1990).

When we repeated our earlier preparative runs, we found that besides the donor-syn
products 4a-i (R = COCH, in most cases), minor amounts of the donor-anif adducts
Sa-h are formed, the syn/anti ratio varying between 95:5 and 89:11 (Miihlbacher 1991).

Sehs
o0 - =< =<
f)
waeon 2 czﬁ c}ﬁ

1€ R: COPh
1d R: COOCH,
r~ ~\ 7\ 7\ /N
ND) o N N_§ N N penN_ Ncey N Nen N o NS
2 b [ d [ 1 1 h 1

The same trend is observed when methyl-1-naphthoate (1d) is photoexcited in the
presence of type 2 olefins (syn/anti varying from 95:5 to 88:12). Thus, the aromatic
ester 1d exhibits photochemical behaviour parallel to that of the aromatic ketone
1b (Milhlbacher 1991).

Such regio- and stereoselective 1,4-additions to acylnaphthalenes are not restricted
to 2-aminoacrylonitriles. Very similar results are obtained with 2-(tert-butylthio)
acrylonitrile (Dopp et ol 1989). A remarkably high (>99%) double diastereofacial
differentiation leading to practically enantiomerically pure adducts (+)—or (—)—4k
can be demonstrated in the [4 + 2]-photoaddition of either (S)- or (R}~(2-methoxy-
methyl-pyrrolidin-1-yl)acrylonitrile (2k) to 1-acetonaphthone (1b) (Dopp and Pies
1987). The absoiute configuration of (+)—4k and (—)—dk (as shown) has been
derived from a comparison of 'H-NMR-chemical shifts of (+)- 4k with those of
analogous |,4-adducts, in which the donor-syn geometry had clearly been demon-
strated by cither X-ray structural analysis (Dopp et al 1985, 1989) and/or NOE
intensity diflerence determinations (Mihlbacher 199i), together with the determination
of the circular dichroism in the hydrogenated ketone ( + ) — 7(Pies 1989). From the
positive sign for the Cotton-effect in its n,n*-absorption the absolute arrangement
of the benzenoid ring (formally representing a double bond) and the oxo-group at
C-9 (Legrand and Rougier 1977) as depicted is clearly established. Since both the
ketones ( — ) —6 and (+)— 6 had been demonstrated to be practically free of the
respective enantiomers by HPLC using a chiral stationary phase (Dépp and Pies
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1987), (S} -- 2k iy added solely with its re-face to the si-face of 1b. and (R) - 2k solely
with its si-face to re-1b.

ocn,

Q
e C:% CZB %
(S)-Ridrel
CN

_< (+)- 4K -8 -7
)

H,CO\;IL/ Ac
h
(Reorl§-2K 1 ire) —— C?Q - 5?5
(gi-2kish
Cj‘—ocu, 4

AC = COCHy -1- 4k {48 =7

The origin of the high differentiation observed with 2k must be sought n the
properties of the donor auxiliary and its capabilities for complexation either within
a pre-oriented complex of the reactarts or within a preferred conformation of a
favourable precursor diradical collapsing to 4x.

Although temperature-dependency studies, which could cast sowme light on the
relative importance of the precursors mentioned, have not been made yet (and probably
will be difficult due to the thermal lability of products of type 4), two levels of selection
may be envisaged as outlined in recent pioneering work on the temperature-
dependence of asymmetric induction in the Paterno-Biichi reaction (Buschmann et af
1989).

It bad been observed earlier (Memarian 1986; Pies 19589), that 2a and 2 also give
rise to minor amounts of type 3 adducts of hitherto not clarified configuration at
C-2. 1t could be shown unambiguously that 2i definitely adds to photoexcited 1b to
form Ji prior to the appearance of 4i in the photolysis mixture. Upon prolonged
irradiation, however, }i is degraded again due to its styrene-like and therefore
tcompared to 4i) conjugated chromophore into s